Simulation of cirque glacier distribution by Gill, Jasbir S.
Durham E-Theses
Simulation of cirque glacier distribution
Gill, Jasbir S.
How to cite:
Gill, Jasbir S. (1982) Simulation of cirque glacier distribution, Durham theses, Durham University.
Available at Durham E-Theses Online: http://etheses.dur.ac.uk/7256/
Use policy
The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-proﬁt purposes provided that:
• a full bibliographic reference is made to the original source
• a link is made to the metadata record in Durham E-Theses
• the full-text is not changed in any way
The full-text must not be sold in any format or medium without the formal permission of the copyright holders.
Please consult the full Durham E-Theses policy for further details.
Academic Support Oﬃce, Durham University, University Oﬃce, Old Elvet, Durham DH1 3HP
e-mail: e-theses.admin@dur.ac.uk Tel: +44 0191 334 6107
http://etheses.dur.ac.uk
\ 
i 
Abstract 
SIMULATION OF CIRQUE GLACIER DISTRIBUTION 
Jasbir S. Gill 
This study is concerned with an examination of the manner 
in which local topographical and climatological factors interact to 
control glacier balance. The approach used is one of developing a 
deterministic computer simulation model which, with given inputs of 
local topography and monthly climate, locates sites of positive mass 
balance and cirque glacier generation in mountainous ranges of 
temperate areas. 
Topographical parameters (altitude, gradient, aspect, 
profile and plan convexity) are calculated, by meansof a terrain-
analysis program, at each grid intersection of an altitude matrix. 
The interaction of local topography with regional climate defines the 
variation of local climatic variables (air temperature, snowfall, 
wind speed and direction). 
Separate modelling of the accumulation and ablation processes 
leads to the simulation of glacier mass balance at all points of the 
altitude matrix. Emphasis is placed on modelling, as far as possible, 
the actual processes involved in local glacier development. Visual 
displays of the simulated results, by means of line-printer maps, can 
be specified at any time during the model development. 
Model validation is attempted by comparing the results of 
mass balance simulation with observations of snowpatch and local glacier 
distribution in northern Iceland. The success of this modelling approach 
reveals the critical role of the topographic parameters in controlling 
spatial variations of local glacier balance. 
Computer simulation experiments enable the effects of changing 
climatic inputs on glacier balance to be examined. They reveal the 
glaciological sensitivity of northern Iceland to small changes in climate; 
incipient cirque glaciers being generated with a 2't. drop in air tempera-
ture. The location of these glacier generation sites in concavities 
adjacent to plateau remnants, permitting snow drift accumulation, is 
shown to be significant .. Such experiments are useful for the verifica-
tion ofpilaeoclimaticinterpretations regarding local glacier distribu~ 
tions in the past and for the prediction of future glacierisation patterns 
with postulated climatic trends. 
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" Eggert Olafsson (Icelandic naturalist 1726-1768) 
on the formation of new glaciers 
- being one of the earliest accounts of a climatological 
origin for a cirque glacier. 
"When we passed here [ Mofell on the northern side 
of Skardsheidi J on August 6th [1752] , we noticed high 
up on the mountain a fairly large patch, which looked 
like glacier ice. The owner of the nearest farm, 
Mofellsstadir, in reply to our question whether the ice 
on Mofell did not melt in summer, not only answered no, 
but added that when he was a boy he never saw any ice 
there at all; but that when he after many years absence 
returned some years ago he had noticed a beginning of 
snow accumulation, and that gradually less of it melted 
away in the summer. The place is facing N.W., and the 
ice already shows cracks of a green colour due to the · 
refraction usual on thick glaciers. This indicates that 
the ice may increase and new glaciers form, even on 
moderately high mountains in this neighbourhood, provided 
the periodical cold winds persist year after year••. 
- translated and quoted by 
Thorarinsson (1960), from Vice-Lavmand Eggert Olafssens og Landphysici 
Bjarne Povelsens Reise igiennem Island. Soroe 1772. (Travels in 
... 
Iceland 1752-1757 by Eggert Olafsson and Bjarni Palsson). 
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CHAPTER I 
INTRODUCTION 
1.1 The Glaciological Problem 
Glaciology can be def~ned as the scientific study of the origin, 
distribution and physics of snow and ice (Marcus, 1964). Within this 
broad field the relationship between glaciers and climate has occupied the 
attention of research workers for over two centuries1 . 
The importance of climatic control on g1aciers is well established 
(e.g. Ahlmann, 1948a; Hoinkes, 1964; Meier, 1965), Sharp (1960, p.20), for 
example, notes that "glaciers are utterly dependent upon elements of the 
climatic environment for birth and for sustaini~g life". A recognition of 
this dependence has led to a considerable amount of literature being devoted 
to the development of relations between glacier fluctuations and variations 
~n both present and past climates (reviewed in chap. II). 
The great .number of studies concerning glacier-climatic relation-
ships may give the impression 
the complexity and a lack of 
that these are quite well understood. 
of tl..<Z.. rq.~o.Lonrl..; r 
detailed understanding between glacier 
1\ 
However, 
behaviour 
and climatic events has been pointed out by several workers in this field 
(e.g, Meier, 1965; Paterson, 1969; Andrews et al., 1970), For example, the 
response of the glacier terminus to climatic changes is complicated by the 
1The first statement of a correlation between glaciers and 
climatic variations being made by J, Walcherin 1773, according to Hoinkes 
(1964, p.391). For an earlier account of a climatological origin for a 
cirque glacier by an Icelandic naturalist,see the front of this thesis 
(page v). 
~} 
) 
dynamics of ice flow and assumptions of synchronisity between glacier 
responses and climatic events are clearly invalid (Meier, 1965; 
L¢ken, 1972; Kuhn, 1978). 
2 
In practice, the response of glaciers to changes in climate is 
controlled by numerous inter-related glacial and met~ological factors, 
such as the dimensions of the glacier, thermal and other physical charac-
teristics of the ice, and the amplitude and period of the climatic 
fluctuations. These factors lead to individual glaciers responding with 
different time lags to the same climatic change. Differences in the 
individual response-characteristics of glaciers may result in opposite 
tendencies of movement, with some retreating and others advancing, being 
observed in adjoining glaciers (see examples provided by Paterson, 1969, 
p.233 and Kuhn, 1978, p.444). 
The complexity of glacier-climate relationships is further 
revealed by analysing the factors responsible for local glacier distri-
bution (discussed in chap. III). With small glaciers, for example; the 
local topography (often neglected in glacier-climate ~tudies), orien-
tation and exposure, relation to prevailing winds, and local climatic 
conditions all result in local differences in the process of accumulation 
and ablation of snow and ice, giving rise to an "endless variety in the 
conditions of development of glaciation" (Shumskiy, 1950, p.l7). 
With the realisation that the relation of glacier snout fluc-
tuations to local or regional climate cannot reveal much about the intricate 
glacier-climate relationships, attention has been focused on the mass 
balance. The latter, being a "fundamental hyd:rometeorological variable in 
the glacier theory" (Llibou.try, 1971, p. 88), should provide a much 
better basis for the evaluation of glacier-climate relationships. 
Furthermore, the mass balance forms a critical link between glaciers 
and their interaction with the environment. 
T~ interaction can be visualised as a chain of distinct 
processes as shown in Fig. 1.1. These generalised series of steps 
serve to identify three major problem areas in the relation of glaciers 
and the environment. 
The net mass balance forms a vital link between (a) the 
Jglaciometeorological' problem, concerned with the way in which factors 
3 
of climate and topography control the mass and energy exchange processes 
at the glacier's surface and, through these, produce temporal and spatial 
variations in the mass balance; and (b) the 'glaciodynamical' problem, 
concerned with the manner in which the glacier adjusts to changes in its 
mass balance, for example by causing changes in the thickness, rate of 
flow and the dimensions of the glacier (Meier and Tangborn, 1965; 
Paterson, 1969; Lliboutry, 1971). A third area of research, concerning 
the relation between the glacier's dynamical response and its effects on 
the underlying land surface, through the processes of glacier erosion 
and deposition can be distinguished as the 'glaciogeomorphological' problem. 
All the three problem areas, defined above, include consideration 
of some aspect of the glacier-climate relationship. Within the glacio-
geomorphological problem, though glacial geomorphologists have for long 
used reconstructions of past glacier distributions to yield information 
about palaeoclimates (sec. 2.3.5), current interest is focused on 
) 
l 
l 
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understanding the development of landscapes in terms of the glacial 
processes involved, and in relating the latter to relevant environmental 
factors, particularly climate (Sugden, 1977a). Although some theoretical 
advances have been made regarding our understanding of glacial processes 
(e.g. Boulton, 1974; 1975), we are still a long way from determining 
landform - process interactions in much detail (International Glacio1ogical 
Society, 1979; 1981). 
Our understanding of the glaciodynamical problem, however, is 
relatively well advanced, with numerous theoretical contributions (sec. 
2.3.j), While these advances enable us to solve equations for the dynamical 
response of glaciers to changes in mass balance, the question of the 
detailed effect of climatic changes on mass balance variations, the basic 
0 
glaciomete~ological problem, remains to be fully understood. 
Although numerous determinations of glacier mass balances and 
their relation to local and regional climate have been made (see sec. 
2.3.3), the details of glacier-climate relations have not been revealed 
since any given mass balance can be produced by an infinite combination 
of accumulation and ablation values. For a clearer understanding, the 
processes involved in these mass balance components need to be analysed 
separately and related to climatic variables. Furthermore, an under-
standing of the topographical factors controlling these mass balance 
processes and, in turn, local glacier distribution remains a fundamental 
task for glacial geomorphologists in their attempts at studying both past 
and present conditions of glacierisation. 
This study examines the manner in which local topographic and 
climatic ·factors interact to control local glacier balance. Prior to 
defining the aims and scope of this work, consider some of the main 
') 
difficulties that have limited the advancement of our understanding 
of glacier-climate relationships. 
1.2 Difficulties Hindering Glacial Research 
5 
The variable nature of the different processes affecting the 
glacier balance and the existence of complex interrelations between them 
have impeded the understanding of glaciometeorologicMrelations. For 
example, many of the processes involved in the accumulation of snow, such 
as snow drifting and avalanching, are quantitatively only poorly understood. 
Uncertainty also exists about a number of glaciological processes, such 
as ice flow and the effect of the glacier, itself, on altering the climatic 
elements in its immediate surroundings. 
Many of these problems in understanding the interaction o~ 
glaciers and the environment are caused simply by a lack of adequate data. 
Direct observations of the glacier/rock-bed interface are relatively rare 
since they involve long term and expensive tunnelling or drilling operations. 
Most of the direct knowledge of glaciological processes is, therefore, 
based upon a limited number of sporadic and random empirical observations, 
making it difficult to guide and test theoretical considerations. 
Surface observations of mass and energy balances are usually 
only carried out for short periods (during the ablation season) at a limited 
number of points on a few selected glaciers. The· sparse and unrepresentative 
network of weather stations in glaciated mountains areas makes the climatic 
data unsuitable for detailed glacier-climate analysis. These data restric-
tions make the wider application of any conclusions highly questionable. 
6 
A related problem to the inadequacy of data is the difficulty 
of defining the appropriate scale at which to study the glacier-climate 
interactions. In particular the lack of meso-scale glacier-~limate 
studies, i.e. between the micro-scale (heat budget) and the macro-scale 
(glacier variations related to long-term regional climatic averages) 
studies, has restricted an understanding of local glacier balance controls. 
1.3 Aim, Approach and Scope of Present Study 
• • 0 • G1ven the need to understand the glac1omete~olog1cal problem 
(sec. 1.1), and bearing in mind the difficulties facing the researcher 
in this field (sec. 1.2), this study is aimed at the prediction of local 
glacier distribution from considerations of topographical and climato-
logical factors. This involves an identification of the various factors 
affecting glacier balance and the formulation of quantitative relationships 
between them, leading to a synthesis of topographic - climatic - glacial 
relations. 
The approach adopted is one of developing a deterministic simu-
lation model which, with given inputs of local topography and climate, 
will locate areas of positive mass balance and local glacier generation. 
In order to make the model generally applicable to temperate mountainous 
regions, an attempt is made, as far as possible, to model the actual 
physical processes controlling the spatial and temporal variations in mass 
balance. 
For a clearer understanding of the controls on the mass balance, 
values of accumulation and ablation are obtained separately and the net 
mass balance calculated as the difference between them. The use of 
) 
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climatic indices to estimate accumulation, ablation and mass balance, 
without a proper consideration of the processes governing these measures, 
is not satisfactory since such indices can only be applicable to locali.sed 
areas and they do not reveal the underlying causes for temporal and 
spatial variations in the mass balance, 
Where lack of quantitative information makes the physical 
modelling approach difficult, as in modelling the variation of climatic 
elements, wind drifting and avalanching, it is necessary to resort to 
rather indirect and statistical considerations. Given the difficulties 
of understanding glacier systems (sec. 1.2) we cannot, at present, hope 
to physically model the whole process of glacier development; however, we 
can usefully make an attempt at the numerical modelling of the glacier 
balance, even if we are forced to use relatively crude simplifications 
(Glazyrin, 1975). 
An important feature of the approach used in this study to simu-
late local glacier development is the emphasis on measures of local topo-
graphy, e.g. altitude, slope, aspect, profile and plan convexity, based on 
the hypothesis that variations in local topography essentially determine 
the local climate and consequently the glacier balance. Thus, if the 
controlling links between topography, local climate and glacier balance 
can be defined then a model of local glacier distribution can be arrived at. 
It is hoped that such a modelling approach will lead to a better 
understanding of the processes controlling glacier balnace. By enabling 
the effects of climatic and topographic variations on glacier balance to 
be analysed the model will enable the prediction of glacier balance, from 
8 
easily available input parameters. Furthermore, the use of computer 
simulation provides a means of experimenting with different climatic 
inputs and observing the relative importance and particular effects on 
glacier balance, of changes in individual climatic variables. 
1.4 Limitations and Simplifications 
This study is restricted to a consideration of local mountain 
glaciers, especially cirque glaciers. A number of other associated small 
' 
glaciers, differing to varying extent 1n form and setting from the typical 
cirque glacier, have been distinguished; e.g. niche, crate,r, hanging, 
slope, wall, ice-apron, and glacieret (for a description of these refer 
to the report on Perennial Ice and Snow Masses by UNESCO/lASH, 1970a). 
In this study the term 'cirque glacier' is used in its broadest sense, 
including all variety of small mountain glaciers and perennial ice masses. 
The choice of studying local cirque glaciers was determined by 
the fact that, being indicators of marginal conditions of glacierisation, 
cirque glaciers are most constrained by conditions of local topography and 
climate. Furthermore, having much shorter response times compared 
other larger ice-masses (Table 1.1), they respond sensitively to relatively 
minor changes in climate. Thus, any climatic warming will first affect 
cirque glaciers. Conversely, cirques and similar topographic hollows, 
being favoured sites for the accumulation of snow and ice, will be the first 
to be occupied by glaciers in the event of a climatic deterioration. It 
should be noted that the concern of this study is with the factors leading 
to cirque occupation by ice, rather than with the development of cirques, 
themselves. 
9 
This study is further limited to a consideration of 'temperate' 
glaciers, as opposed to those of the 'polar' and 'sub-polar' types (after 
A11lmann, 1935). A temperate glacier is defined as one that is at the 
pressure melting point throughout except for a thin surface layer subject 
to seasonal cooling. Limitation of the study to glaciers of this type is 
due primarily to the fact that the bulk of current knowledge of cirque 
glacier processes is drawn from the observations of temperate glaciers. 
The assumption of the whole glacier being at pressure melting 
point has been questioned (e.g. Paterson, 1972; Harrison, 1972), since in 
detail a glacier usually consists of zones having differing temperature 
and hydrological characteristics (Muller, 1962). However, the concept of 
temperate glaciers is useful in allowing a number of simplifying assumptions 
to be made about the behaviour of ice and its energy exchange with the 
atmosphere: this is discussed further in chap. VIII. 
Some further general simplifications made in this study concern 
the effect of glaciers in altering the local climate and topography. 
Given the small size of the glaciers being considered and the relatively 
short temporal periods over which the glciers are being modelled, we 
can probably neglect the influence of glaciers on the climate and of changes 
in topography induced by glacier occupation. A model of the complete 
glacier system (Fig. 1.1) would, of course, have to take these feedback 
effects into account. However, in this study, the prime aim is to analyse 
the spatial variations in the mass balance of snow and ice, and to locate 
sites for the generation of local glaciers. 
10 
Since small glacierised basins will normally be situated 
above the treeline, we can also disregard the effect of vegetation or 
forest cover in affecting snow and ice distribution. Other more 
detailed simplifications and assumptions will be considered in the 
sections appropriate to the modelling of the glacier balance processes. 
1.5 Layout of Succeeding Chapters 
Although previous work on the modelling of the local glacier 
< 
balance is relatively limited, a review of the literature reveals numerous 
ways in which the relationships between glaciers and their environment 
have been studied. A great variety of studies have been concerned with 
examining some aspect of the glacier-climate relationship or with analysing 
the factors controlling the distribution of snow and ice. These studies 
provide useful ·qualitative and quantitative information for the modelling 
of local glacier distribution and are reviewed in chapter II. 
The factors relevant for the determination of cirque glacier 
balance are identified in chapter III. This is followed by an outline of 
the procedure for modelling cirque glacier balance (chap. IV). A descrip-
tion of the area in which the model was applied and developed (in northern 
Iceland) is also included in chapter IV. 
Chapters V and VI, following the outline of the simulation model, 
are concerned with a discussion of the manner in which the input variables 
of topography (chap. V) and climate (chap. VI) were obtained. Chapter V 
includes a discussion on the use of a 'terrain-analaysis program' to 
derive local topographic measures from an altitude matrix. The relation-,. 
ships between these measures of local topography and the regional climate 
to derive the variation of local climate are discQssed in chapter VI. 
11 
Modelling of the various processes of the glacier mass 
balance is considered in chapter VII (snow accumulation and densification) 
and chapter VIII(ablation). In each of these chapters the importance of 
the particular aspect being discussed to the glacier balance is shown, 
followed by an explanation of the modelling procedure; illustrated with 
examples from an area in N.W. Iceland. 
Chapter IX is concerned with the application of the mass balance 
model to simulate snow cover and local glacier distribution, Model validity 
is tested by comparing the simulated mass balance results with observations 
of snow cover and local glacier distribution in two sample Icelandic study 
areas. Simulation experiments, with varying climatic inputs, are also 
carried out to develop an understanding of glacier-climate relationships. 
Finally, chapter X provides the conclusion and suggestions for further study. 
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TABLE 1.1 
Topographic Constraints and Respense Time Scales 
For Different Glacier Types 
(modified after Sugden and John, 1976) 
Glacier type Approximate Response time 
scales for climatic change 
(years) 
Ice sheets 100,000 - 10,000 
Ice caps 
Ice fields 10,000 - 1,000 
Outlet glaciers (draining 
plateau ice caps) 
Valley glaciers (originating 1 ,000' - 100 
in ci~:ques) 
Cirque and slope glaciers 100 - 10 
Perennial snowfields 10 - 1 
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CHAPTER II 
REVIEW OF STUDIES RELATING TO GLACIER-CLIMATE 
RELATIONSHIPS 
An awareness of the importance of glaciers in both academic 
and applied fields has led to a considerable amount of literature being 
devoted to the development of relationships between glaciers and climatic 
) 
or other controlling variables (e.g. review of glacier meteorology studies 
( 
by Hoinkes, 1964). A familiarity with the many ways in which these rela-
tionships have been studied and the conclusions arrived at, is important 
from the point of yielding information regarding the relative significance 
of different factors in controlling glacier balance. This information is 
a necessary prerequisit~ for the development of a glacier balance simu-
lation model, since a review of such studies, not only allows us to 
) 
assess the state of our understanding of glacier-climate relations, but 
further, provides guidelines for the incorporation of relevant variables 
and relations in the modelling of local glacier distribution. 
The reasons for glacier studies achieving relevance and impor-
tance are considered first, This is followed by a brief outline of the 
development of glacier-climate 'studies, providing a historical perspective 
to contemporary glacier studies. 
2.1 Importance of Glacier Studies 
Glacier ice at present covers about 10% of the land surface. 
Though the bulk of this is concentrated in the two polar ice-sheets 
smaller ice masses, in the form of cirque and valley glaciers, are an 
15 
integral part of many glaciated alpine landscapes. Furthermore, 
during the maximum Quaternary extent, glaciers and ice-sheets covered 
over 30% of the earth's land-area. 
Given the great extent of ice distribution, both at present 
and in the relatively recent geological past, glaciers assume considerable 
importance in moulding a substantial portion of the earth's relief. They 
have also been responsible indirectly for changes in local and regional 
climates, eustatic va~iations of sea-level and isostatic depression and 
recovery in those areas affected by the accumulation and removal of ice. 
Thus, a study of the present-day characteristics of glaciers, together 
with their interrelationships with factors of topography and climate, is 
essential for-au understanding of the geomorphology and climatology over 
a large portion of the earth's surface. 
Further impetus for glaciological research has come from the 
effects of glacier fluctuations on human activities. We have only to 
read early accounts for the destruction of farmlands and settlements by 
glacier advances in Iceland and the Alps to appreciate the close inter-
relation between glaciers and human occupation (e.g. Thorarinsson, 1956). 
In view of the considerable debate over the impending new Ice Age, such 
historical accounts assume contemporary importance, promoting attempts 
to determine the magnitude of climatic change necessary for the initiation 
of glacierisation (see sec. 2.3.5). 
A fact of great economic importance is that about 75% of the 
world's fresh water is stored as glacier ice. With the ever increasing 
demands for fresh water supplies, glaciers are of special interest 
\ 
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hydrologically, especially in areas such as the American West, Central 
Asian ranges, Caucasus Mountains, the Alps and in Norway, where connnuni-
ties rely largely on the snowmelt from small temperate mountain glaciers 
and snowpatches for their water supply. 
In these areas snow and ice hydrology has achieved great signi-
ficance, since accurate estimates of the volume of water released by snow 
().I"Q.. 
and ice-covered areas needed for such purposes as water supply and flood ,. 
' forecasting, hydro-electricity, design of hydrologic and hydraulic structures, 
irrigation, recreation and domestic supplies. With the need to conserve 
and regulate water supply from snow and ice reserves, various watershed 
management schemes have been developed (see sec. 2.3.6). 
The need for intensive studies of the processes controlling the 
accumulation and melting of snow and ice for the proper planning and 
management of these resources has led to considerable advances in our 
understanding about the nature of temperate snowpacks and small glaciers. 
With the recent proposals of towing icebergs from polar areas to more 
temperate latitudes (e.g. Husseiny, 1978; International Glaciological 
Society, 1980b), the use of glacier-ice as a fresh water resource has 
assumed an even greater importance. 
It will be seen that a proper analysis of any of the above 
applications would involve the combination of a number of disciplines, 
e.g. meteorology, geology, hydrology, physics and mathematics. This 
has led to the emergence of modern glaciology as an interdisciplinary 
science, incorporating the efforts and interests of many specialists from 
other disciplines. Within this broad framework the question of 'glacier-
climate relationships' has been of central concern to most glacier research 
workers. 
17 
2.2 Historical Perspective 
Following the first descriptions of glaciers in the middle of 
the 16th Century, it was not until the 18th Century that glaciers attracted 
scientific attention in the Alps, Iceland and Scandinavia. In the latter 
part of the 19th Century systematic measurements of glacier variations were 
initiated through the setting up of the Commission International des Glaciers 
in 1894. 
The C.I.G. resolved to "encourage and to collect observations on 
glaciers all over the world, with the special object~ in view of discovering 
a relation between the variations of glaciers and of meteorological 
f.2.S~ 
phenomena" (quoted by Baird, 1958). Numerous measurements of glacier 
variations and other glacier characteristics were conducted under the 
auspices of the C.I.G. and subsequent international bodies1 . 
The detailed study of glacier-climate relationships, however, 
stems from the classic work of Hans W. Ahlmann and his co-workers in the 
middle 1930's. Their work summarised in two reports, (Ahlmann, 1948a; 
1953), was to lay the foundations of modern glacier research. Beginning 
in 1919 Ahlmann studied in detail some glaciers around the North Atlantic 
coasts in Scandinavia, Iceland, Spi.tsbergen.and N.E. Greenland. He formu-
lated various methods for studying the glacier regime which were later 
employed by many other glacier researchers, such as Wallen, Hoinkes, Orvig 
and Hubley. With the realisation of a need for an interdisciplinary 
approach together with international co-operation for worthwhile advances 
in glacier-climate understanding, the work of individual researchers has 
been superseded by international research programmes. 
1The C.I.G. was dissolved in 1927 and its work is at present 
conducted by the Commission on Snow and Ice of the International Association 
of Scientific Hydrology set up in 1948. 
'2! 
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Many advances in glacier studies were made during the Inter-
national Geophysical Year (I.G.Y., 1957-1958) and more recently the 
International Hydrological Decade (I.H.D., 1965-1974). The latter 
progranune was launched by U. N .E. S .c .0. to "promote international co-
operation in research and studies and the training of specialists and 
techniques in scientific hydrology" with the purpose of enabling "all 
countries to make a fuller assessment of their water resources and a 
more rational use of them as man's demands for water constantly i~crease 
in face of development~ in population, industry and agriculture" (UNESCO/lASH, 
l970a p.S). 
Due to the obvious hydrologic importance of snow and ice (sec. 
2.1), a major concern of the I.H.D. progrrumne has been with studies 
concerning glaciers and other major snow and ice bodies. In particular, 
research has been aimed at three major areas - (a) world inventories of 
perennial and annual ice and snow masses (sec. 2.3.1); (b) measurements 
of glacier variations on a world-wide basis (sec. 2.3.2); and (c) combined 
water,ice and heat-balance measurements at selected representative glacier 
basins (sec. 2.3.3). 
In addition to the advances in glacier-climate relationships 
made by the various I.H.D. programmes, a number of other long-term 
projects have yielded important information; e.g. the multi-disciplinary 
and interdisciplinary studies of alpine environments conducted in the 
Icefield Ranges of the St. Elias Mountains since 1967, (e.g. Wood, 1963; 
Bushnell and Ragle, eds., 1969-1972; Bushnell and Marcus, eds., 1974); 
and the allied High Mountain Environment Project (1966-1970) concerned, 
in part, with climatological and glaciological research at alpine sites 
19 
in the Wrangell Mountains in Alaska and on Mt. Logan .in Yukon (Marcus, 
1974a). The latter project was supported by the U.S. Army Research 
Office and the University of Michigan. 
Baffin Island is another area which has been the subject of 
concentrated study by J.T. Andrews and his colleagues from the Institute 
of Arctic and Alpine Research (I.N.S.T.A.A.R.) and the University of 
Colorado. These workers have focussed their main attention on the 
( 
past and present glaciological responses to climate (e.g. Andrews et al. 
1970; 1972). 
The nature of glacier-climate studies carried out during the 
above mentioned projects and other subsequent research programmes is now 
reviewed. 
} 
2.3 Studies Relating to Glacier-Climate Relationships 
(refer to Table 2.1) 
2.3.1 Distribution of Snow and Ice Masses 
One of the first important considerations in a study of the 
factors controlling glacier development is a proper understanding of the 
distribution of present-day perennial snow and ice masses. This is being 
achieved in a number of ways: 
(i) Snow and Ice Surveys. Accurate estimates of the mass of snow 
cover in mountainous regions, through the conduction of snow surveys, are 
important for providing seasonal streamflow forecasts, In the western 
United States, for example, where a major portion of the stream water is 
derived from mountain snowpacks, snow surveys have been performed on a 
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systematic basis s1.nce the early 1900 1 s, The use and valu~ of snow 
surveys and early developments in snow surveying have been discussed by 
Church (1933), one of the pioneers of snow surveying. Snow surveys 
represent the first systematic snow accumulation studies and provide 
useful evaluation of such factors as wind drifting, topography, forest 
cover, temperature variations, and evaporation on affecting the distri-
bution of snow cover. 
Following the early work of Church, snow surveys have become 
a regular activity in many of the snow-covered regions of the world, 
providing valuable information for streamflow forecasting. Conventional 
field and aerial surveys are being replaced by mapping through satellite 
photography (Barnes and Bowley, 1968) which overcomes problems of access-
ibility (found in field surveys) and poor flying weather (restricting 
aerial surveys). 
(ii) Glacier inventories and mapping. An important requirement of 
the I.H.D. programme has been the recording of all permanent ice and snow 
masses according to the recommendations provided in the U.N.E.S.C.O. 
guide, "Perennial Ice and Snow Masses", (UNESCO/lASH, 1970a). 
As part of the I.H.D. programme and subsequent work numerous inventories 
\ 
_) 
of glaciers have been published for regions such as the Axel Heiberg 
Island (Ommanney, 1969); Southern Norway (0strem and Zeigler, 1969); 
North Cascades (Post et al., 1971); Northern Scandinavia (0strem et al., 
1973); Western Alps (Vivian, 1975); Switzerland (Muller et al., 1976); 
and various parts of the Soviet Union (Inventory of glaciers of the 
U.S.S.R.), the work being carried out by the Gidrometsluzhby SSSR (the 
Hydrometeorological Service of the U.S.S.R.) and other research bodies 
(Grosval'd and Kotlyakov, 1969). 
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A review of the I.H.D. inventory programmes in var1ous countries 
is provided by ~nmanney (1974), These inventories include information 
referring to the location, aspect, size, variations, level of equilibrium 
line and other morphometric details concerning the ice and snow masses. 
This information is very useful for the analysis of glacier distribution 
with the various controlling variables of regional climate and topography. 
A closely related and necessary development to the one of 
' compiling glacier inventories has been that of glacier mapping. Accurate 
glacier maps are an essential prereq.uiste for most glaciological work. 
For example, they are necessary for determining the effect of local 
variations in topography and climate on the distribution of snow and ice, 
for revealing variations in glacier extent, and for obtaining quantitative 
data on thickness, volume, mass balance, movement and surface features. 
(iii) Glacier distribution studies - relation to controlling factors 
of climate and topography. In addition to the compilation of glacier 
inventories, regional descriptions of mountain glaciers, with an analysis 
of the controlLing topographic and climatic factors on their distribution, 
are widespread. For example, cirque glaciers are described from the 
. v.. 
mountains of Soviet Union - esp. Urals, West C~c~sus, Pamir, Tien Shan, 
Altai and East Siberia (Dolgushin, 196la, 196lb; Grosval'd and Kotlyakov, 
1969; Vinogradov and Konovalova, 1973); United States- Rocky Mountains 
(Meier, 196la; Outcalt and MacPhail, 1965; Graf, 1977); Canada- Baffin 
Island (Andrews et al., 1970); Sweden- Kebnekajse Massif (Schytt, 1959); 
Norway- Jotunheimen (Lewis, ed., 1960); and a comprehensive account of 
mountain glaciers in the Northern Hemisphere (Field, ed., 1975). These 
descriptions show that cirque glaciers are a common feature of all glacie-
rized mountain regions of the world. 
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The above-mentioned glacier studies reveal that, on a 
regional basis, glaciers can be shown to be situated according to the 
factors of latitude, continentality and altitude (e.g. studies by 
Leighly, 1949; Charlton and Lister, 1971). Further climatic indices 
can be used to distinguish different types of 'glacier landscapes', e.g. 
oceanic, maritime, temperate, continental, etc. (Golubev and Kotlyakov, 
1978). On a local basis, however, the distribution of glaciers in any 
particular area is a complex function of climatological and morphological 
' factors (chap. III). Apart from local glaciers, snowpatches, being 
particularly sensitive indicators of climatic change, have also attracted 
attention in helping to reveal subtle controls of climate and topography 
on glacier distribution (e.g. Manley, 1971; Tsuchiya, 1974). 
2.3.2 Glacier Front Fluctuations - Relation to Climatic Variations 
Measurements of glacier-front fluctuations and their correlation 
with cor-responding climatic fluctuations constitute one of the most 
common ways in which the glacier-climatic relationship has been studied. 
As noted in sec. 2.2, frontal measurements of glaciers have a long 
history. Beginning with the first systematic observations in the Alps, 
the work of glacier measurement has been extended to most glacierised 
areas of the world. With the adoption of standard terminology and 
recording methods, as advocated by the I.H.D. programme, 
comprehensive reports of the variations in the positions of 
glacier fluctuations in various countries have been produced by the 
Permanent Service on the Fluctuations of Glaciers (e.g. Kasser, 1967, 
1973; Muller, 1977). 
One of the main aims of these systematic measurements of glaciers 
is to improve our understanding of the relationship between climatic 
trends and glacier fluctuations. For this purpose numerous researchers 
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have attempted to correlate historical variations of glacier-fronts 
with corresponding clin1atic variations, e.g. for the Karsa Glacier, 
Sweden (Wallen, . 1949); glaciers in the Washington Cascades and Olympic 
Mountains (Hubley, 1956); Lemon Creek Glacier, Alaska (Heusser and 
Marcus, 1964); glaciers in the Austrian Alps (Posamentier, 1977); and 
those in the Bernese Oberland, Switzerland (Messerli et al., 1978). 
General reviews of the relations between glacier and climate fluctuations 
have been carried out by such workers as Manley (1950), Ahlmann (1953), 
and Hoinkes (1968). 
Table 2.2, compiled from the results of a number of such 
studies, illustrates the type of climatic variables found to be important 
in accounting for glacier variations. It is seen that changes in the 
temperature and precipitation regimes, particularly during the ablation 
season, are thought to be responsible for most glacier variations. While 
some controversy has always existed as to the relative importance of 
temperature and precipitation variables (e.g. illustrated by the exchange 
of letters between Seligman, 1944 and Callendar, 1944), it is more 
generally true to contend that a combination of temperature and preci-
pitation data is needed to improve our understanding of the climatic 
preconditions for observed glacier variations (Messerli et al., 1978). 
Furthermore, given the importance in glacier balance of the many other 
climatological factors, such as the wind speed, wind direction and 
cloudiness, together with the effects of the local topographical setting, 
it is both difficult and unrealistic to develop simple correlations between 
glacier variation and temperature or precipitation records. 
Apart from the identification of individual climatic variables, 
attempts to study broad glacier-climate relationships have included the 
analysis of glacier variations in relation to the frequencies of groups of 
J 
weather types ('Grosswetterlagen'). Further, to avoid problems of 
determining the relative effect of particular climatic elements, research 
workers have turned to the development of relations between glacier 
behaviour and large-scale atmospheric circulation patterns (e.g. Hoinkes, 
1968). 
As noted in sec. 1.1, uncertainty about the nature of the glacier 
response to climatic change, complexity of glacier dynamics, and the 
involved nature of the !actors affecting glacier balance reduces the 
value of the studies linking glacier snout variations with climatic 
fluctuations. Furthermore, such studies, while throwing some light on the 
importance of the various climatic variables, do not contribute to a 
detailed understanding of the processes controlling the glacier-climate 
relationship. With the realisation that, for a more complete understanding, 
changes in the whole glacier and not simply the snout need to be considered, 
attention has come to be focussed on mass balance studies which provide 
more direct relationships between 'glacier health' and climate. 
2.3.3 Mass Balance Studies - Relation to Climate 
As noted in sec. 1,1, glacier mass balance, representing the net 
gain or loss of snow and ice in terms of water equivalent calculated over 
a balance year, provides a critical link between glacier variations and 
climatic changes (Fig. 1.1). The realisation of this fact has led to 
increasing attention being devoted by research workers to the measurement 
and estimation of glacier mass balances. 
Following the early work of Ahlmann and his collaborators on the 
study of glaciers around the North Atlantic coasts, (summarised in Ahlmann, 
1948a), which provided a system of studying glacier_ regimes and related 
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climatological variables, mass balance measurements have been conducted 
on glaciers in numerous areas. Many of these n1ass balance studies were 
initiated in response to the International Geophysical Year and the 
International Hydrological Decade programmes, e.g. the I.H.D. Combined Heat, 
Ice and Water Balance project, whose specific objective is "to obtain 
sufficient information to define and understand heat, ice and water balances 
and how they change with time at a number of glacier basins situated in 
1 
widely differing environments in many parts of the world" (UNESCO/lASH, 
1970b p.9). 
Most of the glacier mass balance studies have been carried out 
for short and differing periods of time; with the exception of glaciers 
such as Storbreen, Norway, where mass balance details have been known 
since 1948 (Liesti&l, 1967) and Storgla,ciaren, Sweden, where measurements 
exist from 1945 (Schytt, 1962). In an effort to overcome this problem 
the I.H.D. committee for the Combined Balances project recommends that 
mass balance measurements should be undertaken for "comparable periods 
during a number of years at selected, representative glacier basins 
distributed through many different climatic regimes" (UNESCO/lASH, 1970b 
p.lO). 
Apart from mass balance measurements various 
related characteristics have been defined to describe the glacier's 'state 
of health', e.g. the elevation of the equilibrium line (where the mass 
1 . . k b . . A l1st of mass balance stat1ons nown to e operat1ng 1s 
in Appendix 1 of the U.N.E.S.C.O. guide fQr mass balance·measure-
ments (UNESCO/lASH, 1970b). 
given 
balance is zero); accumulation and ablation gradients (Haefeli, 1962; 
Schytt, 1967); the vertical net balance gradient; glacier ratio- being 
the ratio of the accumulation area to the ablation area; 'accumulation 
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area ratio' - being the ratio of the accumulation area to the whole glacier 
surface (Meier, 1962); the 'glacierisation energy' (Shumskiy, 1950); and 
the 'activity index' (Meier, 196lb), the latter two being expressions of 
the vertical mass balance gradient at the equilibrium line. 
A number of st~dies have employed these measures to facilitate 
the comparison of glacier regimes, especially in areas where direct mass 
balance measurement are difficult (e.g. Meier and Post, 1962; Grosval'd 
and Kotlyakov, 1969). These generalised measures, though useful in provi-
ding an indirect estimation of the mass balance, do not have much use as 
predictors of glacier response to climatic fluctuations (Dugdale, 
1972). Furthermore, due to the numerous micro-environmental effects of 
local topography on the mass balance of small local glaciers, these general 
characteristics do not serve as reliable indicators of the mass balance of 
such glaciers (Outcalt, 1965). 
As with glacier-front fluctuations (sec. 2.3.2),glacier-climate 
studies have further been concerned with attempts at analyzing the relation-
ships between climatic change and mass balance variations. Mass balance 
parameters, not being influenced by the dynamic response of the glacier, 
should provide better bases for the evaluation of glacier-climate relationships. 
Following the early work of Ahlmann and his collaborators, 
(Ahlmann, 1948a), in which they showed the importance of ablation processes 
and particularly temperature as the dominant factor influencing the regime 
of glaciers in the North Atlantic region, various workers have related net 
mass balance to climatic variables; e.g. Outcalt and MacPhail (1965); 
Higuchi (1975); Bradley and England (1978b); and Tangborn (1980). These 
l 
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studies reveal that climatic variables similar to those associated with 
glacier fluctuations (Table 2.2) correlate highly with mass balance 
changes, e.g. sutnmer temperature, length of ablation season, degree 
months above freezing (sum of monthly means above 0°C), winter precipi-. 
tation and amount of summer snowfall. 
Apart from the correlation of mass balance with single climatic 
elements, some research workers have extended their attention to a study 
of mass balance variations with combinations of climatic elements - 'Witter-
ungscharakter', (e.g, Hoinkes and Rudolph, 1962). Furthermore, in certain 
cases, non-meteorological causes like avalanches (Lossev, 1967) and volcanic 
dust (Bradley and England, 1978a), together with the effect of local topo-
graphic variations (Young, 1974a) may have important controls on mass 
balance variations. 
The mass balance of a glacier represents the balance between 
accumulation and ablation for a given budget year and the same mass 
balance could be produced by an infinite number of combinations of 
accumulation and ablation values (as noted in sec, 1.1). It will be 
realised, then, that although the development of correlations between 
net mass balance and climatic elements contributes to our general under-
standing of glacier-climate relations, for a clearer understanding of 
the mass balance processes it is necessary to analyse the accumulation 
and ablation processes individually. 
Only by their separate measurement and relation to appropriate 
climatic and topographic controls can the relative importance of the 
different mass balance processes be evaluated. The realization of this 
fact has led to the incorporation, in many mass balance studies, of 
separate accumulation and ablation measurements 1n their study of mass 
balance (e.g. Sagar, 1964; Hoinkes and Rudolph, 1962; 0strem, 1964a; 
) 
LaChapelle, 1965; Anonymous, 1967; Wendler et al., 1972; and Thompson 
and Kells, 1974). 
The various processes involved in snow and ice accumulation 
and their relation to environmental controls are discussed in chapter 
VII. The role of ablation processes in the glacier mass balance has 
been considered to be especially critical (e.g. Ahlmann, 1948a) and an 
important consequence of this has been the considerable attention of 
research workers being 'devoted to determining the relationship between 
ablation and various meteorological factors. This aspect of glacier 
study, known as 'glacial-meteorology', has involved the 
determination of energy balance components on numerous temperate 
glaciers and snow surfaces. These provide an insight into the energy 
transfer processes between the atmosphere and the glacier, and serve as 
an important means of evaluating the melt and ablation rates. 
A further application of energy balance modelling and glacier 
balance studies has been in the prediction of snowmelt from glacier-
covered drainage basins (see sec. 2.3.6). The energy balance at the 
glacier's surface together with other aspects of ablation are discussed 
in chapter VIII. 
28 
The results of detailed mass balance studies reveal considerable 
local variations in snow cover (e.g. on maps of mass balance variations on 
Peyto Glacier, Alberta by 0strem, 1966a and Young, 1971). These local 
variations in mass balance are caused by the interaction of numerous 
envirorunental factors controlling the accumulation and ablation processes; 
attempts have been made to identify the importance of these factors 
through the numerical modelling of the glacier mass balance (e.g, 
Williams, 197Lf; Allison and Krauss, 1977). 
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Along with the development of mass balance - climate relations 
important attempts have been made at understanding the dynamical response 
of glaciers to climatic changes. Inadequacies of available field 
measurement, (sec. 1.2), have meant that progress in this field has 
largely been through the development of theoretical ideas. The ma1n 
contributions have been by J.F. Nye, who in a series of papers developed 
his theory of glacier response to changes in mass balance (e.g. Nye, 
1960 and subsequent papers). An outline of his theory can be found in 
Paterson (1969). 
Nye's kinematic wave theory enables one to calculate, in 
principle, the response of any glacier to changes in mass balance. This 
theory has been confirmed with limited field observations relating to 
variations in glacier length and mass budget (e.g. with data provided for 
South Cascade Glacier, Washington by Meier and Tangborn, 1965). Although 
this points to considerable progress in this aspect of glaciology, 
alternative theories of glacier dynamics (e.g. Weertman, 1964; Lliboutry, 
1968) reveal some disagreement among those working on this problem and so 
the manner in which glaciers adjust to changes in their mass balance 
remains a critical problem in glaciology. 
With the recent improvements in field measurement techniques,such 
as the use of radio echo-soundingto determine thicknesses and velocities 
of temperate glaciers (e.g. Robin, 1975; Watts and England, 1976) it is 
hoped that verification and improvement of the various theories on the 
dynamical response of glaciers will be possible in the near future. 
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A final aspect of climate-mass balance studies i.s the possible 
effect of the glacier on altering the climate in its immediate surroun-
dings. It is recognised that after a glacier is established its evolution 
may be determined by the glacier characteristics themselves (e.g. size, 
and nature of glacier surface- roughness, albedo). For example, the 
presence of snow and ice cover will lead to the lowering of air temperature 
since the heat lost by reflection of solar radiation, together with the 
heat used for snowmelt, is not available for transfer to the atmosphere, 
' 1 
resulting in local cooling Various research workers have attempted to 
describe and quantify this effect of glaciers on climate (e.g. Tronov, 
1961; Hess, 1973; Rannie, 1977). However, as noted in sec. 1.4, given the 
small size of the glaciers being simulated in this study, the effect of 
glaciers on climate can be ignored as a first approximation. 
2.3.4 Cirque Distribution and Morphometry - Relation to Climate 
A parallel development to that of studies concerning present-day 
glacier characteristics and their relation to climatological elements 
has been the rise of studies relating to the distribution and morphometry 
of cirques. Bearing in mind certain provisos, discussed by Derbyshire 
and Evans (1976), such as the much longer period of cirque development 
w-;.th. 
compared periods of local glacier occupance, the fact that individual 
J\ 
cirques may be formed by different glacier types, and the local importance 
of lithological and structural controls on cirque formation, the distri~ 
bution of glacial cirques may be assumed to relate closely to that of 
former local glaciers. 
1such a cooling on a large scale has been suggested as a possible 
reason for the initiation of ice-sheets (Williams, 1978 ). 
The close relation bet~een cirques and glaciers has promoted 
the belief that a study of cirque form should enable inferences to be 
made regarding the factors affecting local glaciers. This has led to 
numerous studies of cirque distribution and morphometry being carried 
out; (e.g. Seddon, 1957; Andrews, 1965; Temple, 1965; Peterson, 1968; 
Sugden, 1969; Goldthwait, 1970; Andrews and Dugdale, 1971; Unwin, 1973; 
Williams, 1975; Graf, 1976; Trenhaile, 1976; Evans, 1977; Gordon, 1977; 
and Vilborg, 1977). These studies, though recognising the importance 
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of structure, relief a~d duration of glaciation on cirque location, have 
devoted much of their attention to determining the controls of climate 
on cirque form, particularly as revealed by a study of cirque altitudes 
and orientations. 
Ever since Flint's suggestion (1957) that the cirque snowline 
lies at or slightly above the cirque floor, one of the main aims of cirque 
studies has been in the estimation of palaeosnowlines from the floors 
of abandoned cirques. These estimates have, in many cases, been used to 
infer palaeoclimates by calculating the difference in temperature, at 
an assumed lapse rate, between the elevation of the present snowline and 
that estimated for the palaeosnowline. This question is discussed further 
in sec. 2.3.5. 
Regarding cirque aspects, the identification of controls on 
cirque orientation by such factors as prevailing wind direction and the 
effects of insolation has led to much attention being devoted to the 
estimation of glacial climates through the study of cirque aspects. Evans 
(1977) has compiled available information on world-wide variations in the 
direction and concentration of cirque aspects and has attempted to inter-
pret these in relation to the relevant climatic effects. 
'~ 
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Morphometric parameters, such as the shape, size and curvature 
of the cirque, have also been shown to have an important control on cirque 
glacierisation. For a discussion on the various morphometric descriptors 
of cirques, refer to Andrews and Dugdale (1971), Evans (1974) or Derbyshire 
and Evans (1976). The results of cirque morphometry studies, revealing 
the importance of topographic factors in controlling the nature of glacio-
logical processes and consequently local glacier distribution, are discussed 
in chapter III. 
The interpretation and compar1son of results from cirque studies 
ha~been hindered by the rather subjective nature of cirque definition, 
giving rise to inconsistencies in the delimitation of cirques and their 
morphometric characteristics by different workers in the same area. The 
geomorphometry group of the British Geomorphological Research Group has 
suggested a standardisation of the definition of cirques; they propose that 
a cirque should be defined as a "hollow, open downstream but bounded up-
stream by the crest of a steep slope ('headwall') which is arcuate in 
plan around a more gently-sloping floor. It is glacial if the floor has 
been affected by glacial erosion while part of the headwall has developed 
subaerially, and a drainage divide was located sufficiently close to the 
top of the headwall for little or none of the ice that fashioned the cirque 
to have flowed in from outside" (Evans and Cox, 1974 p.lSl). 
The general adoption of such a broad definition of cirques will 
enhance the value of cirque morphometry studies and further advance their 
role as indicators of the spatial variations in the past and present levels 
of local glacierisation, It needs to be remembered, however, that given 
our present lack of detailed understanding of the quantitative controls of 
environmental factors on glacierisation, the use of cirque distribution and 
morphometry to infer palaeoclimates needs to be viewed with caution 
(Unwin, 1973). 
2.3.5 Palaeoclimatic Estimates Based on Former Glacier 
Distributions 
A major component of glacier-climate studies ha.s been 
concerned with the determination of palaeoclimates through studying 
the evidence pertaining to former glacier distributions. This has 
involved the determination of palaeosnowlines and the reconstruction 
of former glacier distributions through glacial geomorphological 
evidence. These studies of palaeoclin1ates also serve to provide 
clues as to the magnitude of climatic change necessary for future 
glacierisation. 
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(i) Palaeosnowlines. A long-established manner in which glacier-
climate relations have been examined has been through the determination 
of both modern and palaeo snowlines. The. former help in identifying 
particular levels of glacierisation while the latter, when compared 
modern snowlines, serve to indicate the changes in such factors as 
temperature and precipitation, 
Given the considerable variation 1n the distribution of snow-
cover due to local effects of snowdrifting and avalanching, a major 
difficulty is in the determination of a suitable regional measure of the 
snowline. The use of such general and variable concepts as the 'climatic' 
and 'mean' snowline has been shown to be invalid for any climatic compari-
son to be made (e.g. Hoshiai and Kobayashi, 1957). Many other indirect methods 
such as the use of independent cirque floors, the equilibrium line altitude 
on temperate glaciers, the relation of the accumulation to the ·ablation area, 
7 
and the determination of a glaciation limit have been proposed to 
estimate the level of present and palaeo regional snowlines. 
The problems in selecting a suitable expression of the 
regional snowline have been exaggerated by the confusion in the 
terminology and definitions used to describe these methods (Andrews 
and Miller, 1972). The common methods of estimating snowlines have 
been reviewed by 0strem (1966b) and Osmaston (1975) so only brief 
consideration is given here to three popular methods. 
34 
As noted in sec. 2.3.4,the altitudes of cirque floors have been 
widely used for the estimation of the heights of palaeosnowlines (e.g. 
Porter, 1964; Andrews, 1965; Peterson and Robinson, 1969; Andrews et al., 
1970; Robinson et al., 1971; Unwin, 1973; Trenhaile, 1975; Zwick, 1980). 
A number of problems are, however, inherent in this method of snowline 
estimation. 
The variation of snowline with aspect means that studies need 
to be based, either on cirques having similar aspect (e.g. Porter, 1964) 
or, preferably, the location of snowlines needs to be examined through 
variations in both the altitude and the aspect of cirques (e.g. Williams, 
1975). If one is interested in obtaining the regional snowline during 
glacial maximum, then only the lowest (probably north-facing in the 
Northern Hemisphere) cirques should be selected. Furthermore, as has 
been emphasised by Flint (1971) Evans (1974), and Osmaston (1975), 
since the assumption of the snowline being near the cirque floor is only 
true for small independent cirque glaciers, careful selection of isolated 
cirques, not formed at the heads of valley glaciers, is necessary for 
valid snowline reconstruction. 
Finally cirque altitudinal levels may be locally controlled 
by pre-glacial topography and other structural considerations rather 
than being simply related to palaeosnowlines (Trenhaile, 1977). Thus 
considerable breadth of coverage is needed in such studies. All these 
above considerations cast considerable doubt on the widespread use of 
cirque-floor levels to indicate the regional trend of former snowlines. 
Attention has instead been directed at two other indirect methods of 
snowline estimation, namely, the equilibrium line altitude and the 
glaciation limit (level). 
The equilibrium line altitude (ELA) is the height at which 
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the accumulation and ablation of snow and ice are balanced, i.e. mass 
balance is zero. Thus, variation in the ELA reflect changes in the mass 
balance of a glacier. Given a stable climate over a period of years, 
the ELA may approach a theoretical steady-state value. 
While the contemporary ELA can be obtained from mass balance 
studies, the palaeo ELA has to be estimated from some proportional 
method utilising the accumulation and ablation areas of former glaciers~ 
as derived from glacial geomorphological data. For example, (as 
mentioned in sec. 2.3.3), a commonly used index- the 'accumulation 
area ratio' (AAR) is calculated as the ratio of the accumulation area to 
the whole glacier surface (Meier. 1962). For steady state glaciers the 
AAR usually attains a value of between 0.6 - 0.7 (Meier and Post, 1962; 
Grosval'd and Kotlyakov, 1969), 
Using such assumed AAR's, maps of ELA 1 s have been plotted 
for both present (e.g. Andrews and Miller, 1972) and past (e.g. Porter, 
1975a) distributions of glaciers. The various proportional methods used 
for the estimation of the ELA, together with their inherent problems and 
errors, are discussed by Osmaston (1975). 
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The glaciation limit or leve 1 (GL) has become a popular 
i. J 
means to express the critical elevation that divides the glacierised 
from nonglacierised summits (e.g. mapping of GL by Ahlmann, 1948a; 
~strem, 1964a, 1964b, 1966b, 1972; Andrews and Miller, 1972; Miller 
et al., 1975; Porter, 1975b). 
The GL is usually calculated by the su~nit method which 
involves taking the arithmetic mean of the highest ice-free summit 
' 
and the lowest glacierised summit (0strem, 1966b). It would appear 
from this definition that the GL is essentially the reflection of the 
balance between winter accumulation and summer ablation of snow and 
ice. However, since some high summits may be too steep to support 
glaciers, the likelihood of snow and ice accumulating on a mountain is 
also controlled by considerations of summit morphology (Manley, 1955; 
) &1drews et al., 1970). 
An additional complication in the use of the GL concept is 
found in those areas where the glaciation is so intensive that few 
ice-free summits can be located. However, in areas of 'alpine topography' 
and marginal glacierisation, the relative ease and objective nature of 
the GL concept, as compared with other indirect methods of snowline 
estimation, has led to its wide application (refer to the above-given 
references). 
Whichever of these methods for estimating the 'regional snow-
line' are employed, their value lie in the conclusions that can be made 
regarding the occurrence of present or former distribution of glaciers 
and their climatological conditions, The GL and the ELA, in particular, 
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provide integrated, regional climatic indices which form an important 
measure of the state of glacierisation in an area and are also useful 
for indicating the sensitivity of an area to changes in climate (Miller 
et al., 1975). 
Many studies have been undertaken to evaluate the climatic 
factors cont~olling these 'snowline estimates'. They have been found 
to correlate most closely with temperature, precipitation and other 
climatic factors closely related to these elements, For example, 
Weidick (1968) found that the GL in west Greenalnd is closely related to 
the summer temperature (r = 0•76). Furthermore, Andrews and Miller (1972) 
found the July 0°C isotherm over Baffin Island to correlate with the 
c 
height of the GL (r = 0·64 - 0·84) while over the Canadian High Ar%ic, 
Koerner (1970) and Bradley (1975) found high correlations (r = 0·82 to 0·96) 
between the ELA and the height of the mean July freezing level. 
In contrast, the altitude of the GL in the Cascade Range of 
Washington is found to correlate most strongly (r = 0•93) with the winter 
precipitation (Porter, 1977), Further, in examining the variation of the 
GL in British Columbia, Alberta and southeastern Alaska, 0strem (1966b, 
1972) found that its height was also closely related to the precipitation 
distribution. This close correlation with precipitation points towards 
the importance of c.ontinentality in determining glacier distribution. 
The distribution of the ELA and GL is related to the glacier 
mass balance which is a function of both accumulation and ablation. These 
measures should thus reflect the combined effects of precipitation and 
temperature variables. In order to examine the nature of this combined 
effect, Porter (1977) ran a stepwise correlation program with the GL, in 
the Cascade Range of Washington, given as a function of five controlling 
38 
climatic parameters (namely - annual, ablation-season and July temperature; 
accumulation-season and annual precipitation). He found that 90,4% 
of the variance was accounted by the accumulation-season precipitation 
and the estimated mean annual temperature at the GL. The inclusion of 
the latter variable is interesting as it contrasts with the importance 
attributed to the mean summer temperature by many researchers. 
Differences of opinion regarding the importance of particular 
climatic elements in controlling the distribution of the GL and the ELA 
are a reflection of a number of problems inherent in such studies, Firstly, 
with small mountainous glaciers being particularly sensitive to minor 
changes in their local topographical and climatological environments, 
it becomes difficult to make valid general statements regarding their 
regional distribution (chap. III). Secondly, a proper evaluation of the 
climatic controls on the GL and the ELA is made difficult due to a lack 
of climatic stations at high altitudes. 
Thirdly, it is by no means certain that the distribution of 
the present-day 'snowlines' are in equilibrium with the contemporary 
climatic conditions, due to the lag response of glaciers to climatic 
changes (see T~ble 1.1). It is, then, probable that 'snowlines' based on 
small cirque glaciers reflect the climate of the past several decades 
while larger ice blocks may still be responding to the climate of several 
centuries ago (Miller et al., 1975). 
Finally, the use of different, .not directly comparable, methods 
of snowline estimation further reducesthe value of snowline- climate 
relationships. In the light of these problems, attempts to determine 
the climatic controls of the GL and the ELA can, at best, only reveal the 
) 
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influence of broad scale effects of altitude, latitude and conti-
nentality on glacier distribution. 
Apart from the relation of modern snowlines to the variation 
of regional climatic factors, snowline-climate relations have also been 
studied through the determination of pala!=!osnowlines and their compari-
son with the positions of modern snowlines. The estimates of palaeo-
snowline lowering, thus gained, help to yield the magnitude of climatic 
' change, since the snowline lowering is usually converted to a temperature 
change by applying an environmental lapse rate. 
In this manner numerous estimates have been made of the palaeo-
temperatures during past glacial phases (such as the Little Ice Age -
discussed in the succeeding section). For example, the 200m. lowering 
of the palaeosnowline, determined from the distribution of cirques in 
Okoa Bay, northern Cumberland Peninsula, Baffin Island is equivalent to 
0 
a temperature lowering of about 1.2 - 1.4 C. (Andrews and Dugdale, 1971). 
The extreme glaciological sensitivity of Baffin Island is further illus-
trated by the formation of permanent snowbanks and incipient glaciers in 
the northern Cumberland Peninsula, following the climatic fluctuations 
since the 1940's with increased winter precipitation and lower summer 
temperatures. (Andrews et al. 1972; Bradley and Miller, 1972). 
In another region, sensitive to small changes of climate, 
Sugden (1977c) postulates a drop of 1.6 2.0°C 1'n annual t t f empera ure or 
cirque glacierisation in the Cairngorms during the Little Ice Age. Some 
0 
estimates of the annual temperature lowering, (average of 4.7 C), from 
various regions around the world based on changes in the regional snow-
line during the Quaternary are given by Andrews (1975, p.5), This method 
of palaeotemperature estimation is, thus, useful for indicating the 
sensitivity of particular areas to climatic change and for revealing 
the magnitude of climatic change necessary for glacierisation to 
occur. 
In spite of its widespread use, the method of climatic inter-
pretation from snowline lowering is not without its problems. Apart 
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from the problems associated with the use of indirect methods for 
determining palaeosnowlines and the difficulties encountered in 
developing relations between snowline patterns and the climatic situation, 
discussed above, Williams (1975) has outlined theoretically- and 
empirically-tested reasons that the change in snowline altitude and 
change in mean temperature are not simply related. Furthermore, lapse 
rates (used to convert the snowline lowering to a temperature change) 
differ from place to place and vary over different altitudinal ranges. 
Climatic interpretation is further made difficult since an infinite 
number of possible combinations of temperature and precipitation could be 
responsible for the observed snowline differences. 
The correct way to examine the temperature estimates would be 
to use an energy balance approach which includes the consideration of 
both accumulation and ablation factors (Williams, 1974, 1975). In the 
light of all these problems, specific causes for snowline variations 
cannot be isolated and comparison of estimated palaeosnowlines with 
present-day ones, at best, only provides a measure of the gross difference 
in climate between the present and earlier periods of glacier advance. 
) 
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(ii) Reconstruction of former glaciera ('Little Ice Age') 
Along with the mapping of palaeosnowlines, attempts at the 
detailed local reconstruction of former glaciers, from geomorphological 
and other evidence, have yielded further information on glacier-climate 
relations. Sugden (1977c), for example hypothesised about the former 
distribution of cirque glaciers ~n the Cairngorms using evidence 
regarding the positions and nature of the moraines at the cirque lips. 
Detailed reconstruction of local glaciers using geomorphological evidence 
' 
has also been attempted for the south-east Grampian Highlands of Scotland 
by Sissons and Sutherland (1976). They analysed the distribution of the 
reconstructed glaciers by reference to such factors as direct radiation, 
effect of shading by higher ground, avalanching and snow drifting. They 
infer average July and January sea-level temperatures of 6°C and -8°C 
respectively,with precipitation similar in total to present-day but rather 
differently distributed. Regional pala~oclimatic inferences from former 
glaciers in Scotland and the Lake District are.further discussed by 
Sissons (1979, 1980), 
Many of the attempts at local reconstruction and pal~oclimatic 
1 
studies are concerned with the conditions during the 'Little Ice Age' • 
Interest in the events of this period is high due to the fact that this 
is the last time that many northern latitudes achieved a condition close 
to intensive glacierisation. In fact many of the present-day local 
glaciers originated and achieved their maximum extent during this period, 
Thus, in order to ascertain the orders of magnitude of climatic change 
necessary for marginal glaciation, numerous attempts have been made to 
1Little Ice Age - a period of climatic cooling generally 
dated from 1500- 1920 A.D. (Sugden and John, 1976, p,ll4). 
) 
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reconstruct the glaciers and climate during this period. 
This has involved the use of evidence gathered from a wide 
variety of sources, e.g. the use of long instrumental climatic records 
(especially for the latter part of the 'Little Ice Age'). Estimates 
of the Central England temperatures from 1659 have been made by Manley 
(1974) while temperature records from Holland date from the beginning 
of the 18th century (Ahlmann, 1948b), from Stockholm since 1756 (Lilje-
' 
quist, 1949), and from Stykkisholmur, Iceland since 1845 (Eythorsson, 1949). 
The extent of sea ice off Iceland has been correlated with 
temperature changes (e.g. Schell, 1961; Bergthorsson, 1969). Indications 
of palaeoclimatic vq.riations have also been provided by changes in the 
isotopic composition of oxygen in the Greenland ice-cores (Dans.gaard 
et al., 1975), mapping of lichen-covered areas to indicate the extent of 
'Little Ice Age' perennial snow and ice cover (e.g. in the Baffin Island-
Ives, 1962; Locke and Locke III, 1977), tree-ring data related to climatic 
and glacier fluctuations (e.g. Matthews, 1977), mapping of terminal 
moraines and other geomorphological evidence for the reconstruction of 
glacier fluctuations (e.g. reviews by Denton and Porter, 1970; Denton and 
Karl~n, 1973), and by correlation of glacier fluctuations with seasonal 
temperature trends (e.g. Manley, 1950). 
The evidence from these and other sources for the climatic 
conditions during the 'Little Ice Age' has been reviewed by Ladurie (1972) 
and Lamb (1977). In general, it appears that temperatures during the 
0 
'Little Ice Age' were 1-3 C lower than present values, 
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2.3.6 Snow and Ice Management for Water Resources 
The understanding of glacier-climate relations has been 
further advanced by attempts at snow and ice management for water 
resources. The importance of glacier ice as a source of fresh water 
has already been mentioned 1n sec. 2.1. Given this importance many 
glacier studies, discussed above, have taken on an applied aspect with 
the aim of estimating, predicting and controlling the amounts of water 
stored and released by snow and ice masses. For example, snow surveys 
' 
(sec. 2,3,1) are valuable for forecasting snow cover runoff (e.g. 
Tsuchiya, 1974) while detailed mass balance studies (sec. 2.3.3) provide 
similar information on river runoff from glaciers (e.g. 0strem and 
Pytte, 1968 on the work of the Norwegian Water Resources and Electricity 
Board). 
Furthermore in areas such as the temperate alpine mountain zones, 
where snow and ice constitute an important component of the water balance, 
snow management techniques involving the construction of snow fences, 
intentional avalanching, terrain and albedo modification have gained wide 
application for controlling the distribution, size and rate of melting of 
snowpacks and glaciers (Martinelli, 1966, 1975), 
One of the main a1ms of snow management is to increase the 
summer streamflow originating from snow and ice masses. Given a conside-
rable amount (approximately 60% according to Meiman and Grant, 1974) of 
seasonal precipitation in alpine areas may be lost through evapo-sublimation 
by wind transport of snow to lower elevations, attention of snow manage-
rnent schemes has been focused on the more effective trapping and storage 
of snow. 
While, in the high elevation forested watersheds of the 
subalpine zones, the effect of forest management practices, such as 
timber harvesting, on the accumulation and melt of snow is dominant 
(e.g. reviewed by Leaf, 1975 for the Rocky Mountain Subalpine Zone), 
in true alpine areas wind transport of snow from exposed areps and its 
deposition in the lee of terrain breaks and other obstacles is important. 
It has been found that the size and shape of snowfields varies 
' 
with the size, shape and orientation of the barriers behind which they 
form. Thus an obvious technique for improving water yields is the 
construction of snow fences upwind of natural snowfields to increase the 
amount of snow held in these areas until late summer. Experiments with 
snow fences of different materials, sizes and shapes in alpine areas have 
shown that snow depths can be substantially increased by this technique 
(Mar~inelli, 1965, 1973; Tabler, 1971; Slaughter et al., 1975)~ Of 
related interest is the designing of suitable barriers for the protection 
of transportation facilities from the effects of snow drifting and 
avalanching (e.g, Price, 1961; Tabler 1 1980). 
Further trapping and storage of snow can be achieved by terrain 
modification at a local scale, through shaping snow accumuation areas into 
more efficient configurations for snow deposition, e.g. by the deepening 
of natural depressions. Intentional avalanching of snow deposits forms 
another potentially useful snow management practice. This involves the 
periodical removal of snow, from cornices and other potential avalanche 
deposits, located in areas where it is liable to considerable evapo-
sublimation loss, into sheltered confined localities, e.g. cirques, where 
it can be stored and released during the summer. A study by Santeford 
(1972) has shown the economic viability of this snow management technique. 
) 
Since snowpack and glacier melt is extremely sensitive to 
changes in the reflectivity of their surfaces, albedo modification 
through artificial means provides a simple technique for controlling 
snowmelt. Experimental studies have shown that melting rates can be 
substantially increased by spreading a thin layer of dark powder, such 
as coal dust, soot or ash on the snow surface (e.g. Arnold, 1961). 
Conversely thick layers of insulating materials such as sawdust, soil 
45 
or sheets of polys~ene foam (Higuchi, 1973) can be used to reduce the 
melting rates. The relative ease and efficient manner of this snow-
management technique hav~led to its widespread application (e.g. Slaughter, 
1969; Kotlyakov and Dolgushin, 1973). A comprehensive,but dated, 
literature review on albedo modification has been compiled by Slaughter 
(1969). 
Snowmelt runoff forms the bulk of stream discharge in many of 
the alpine and subalpine zones (Leaf, 1975; Martinelli, 1975), Thus, 
along with the development of the various management techniques to 
control snow accumulation and melt, considerable attention has been paid 
to attempts at forecasting the amounts of meltwater from snowpacks and 
glaciers. The importance of these forecasts for varLous purposes, 
(mentioned Ln sec. 2.l),has led to the emergence of 'snowmelt hydrology' 
as a separate specialised study area within the disciplines of glaciology 
and hydrology. 
The development of snow-hydrology studies has considerably aided 
our understanding of the processes involved in the melting of snow and ice 
(sec. 8.1}. This increase in our knowledge of snowmelt processes, 
together with the need to improve runoff forecasts, has led to the development 
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of computer simulation routines of the snowmelt process and their 
incorporation into runoff models such as the Stanford Watershed 
Model (Crawford and Linsley, 1966) and the National Weather Service 
River Forecasting System (Anderson, 1973b). A further trend associated 
with the increased use of snow management techniques has been the 
growth of models specifically designed to simulate watershed manage-
ment practices and their resultant effects on hydrologic system 
behaviour (e.g. Leaf and Brink, 1973; 1975). These various aspects 
' related to the modelling of snowmelt are discussed more fully in chapter 
VIII. 
) 
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TABLE 2.1 
Studies Relating to Glacier-Climate Relationships 
(1) (2) 
Distribution of Snow and Ice Qla~ier Front Fluctuations -
M.asses - surveys; inventories; relation to c.limatic variations 
relation to controlling factors 
~ 4 I, 
-
\ 
(3) Mass Balance Studies - Relation Studies relating to (4) to Climate - mass balance measure-
ments; accumulation and ablation J glacier-climate relation- \. Cirgue n·istribution and 
ships Morphometry - relation to 
studies; correlation with climatic £ 
variables; effect of glaciers on climate. 
climate. 
' 
-r 
-
(5) Palaeoclimatic Estimates Based (6) ~ 
on Former Glacier Distribution Snow and Ice Man$ement for Water 
- palaeosnowlines; magnitude of Resources - snowmelt hydrology; 
climatic change necessary for snowfences; avalanche control; 
-g-1-a-cier-i-sa·tion; ·rec-o-nst·ruc t-ion albedo modification. 
of former glaciers. 
,_-
I 
.t:-
-....J 
Study Area 
Austrian Alps 
(c.l898-1969) 
Karsa Glacier, 
Sweden (1942-1948) 
Pasterze Glacier 
Glockuer Alps 
(c .1796-1950) 
Jan Mayer glaciers 
(c.l950) 
Washington Cascade 
and Olympic Mountains 
of Washington State 
(c.l920-1930). 
Bernese Oberland 
Switzerland 
( 1,6 00-191'5) 
·~ U> 
TABLE 2.2 
Relationships Between Glacier and Climate Fluctuations 
Climate Variables Responsible for Glacier Fluctuation 
Regression equations: 
(a) involving several temperature and precipitation yariables for the 
ablation months; accounting for 67% of the variation in Austrian 
glaciers. · . 
(b) mean temperature for June-August for the concurrent plus preceding 
7 years; accounting for 71% of the variation. 
Recession of glacier due to: increased summer temperature; increased 
summer humidity, prolonged ablation season (possibly increased wind 
velocity). 
Average summer temperature; average autumn, winter and spring precipi-
tation. Radiation. Number of summer snowfalls (affecting albedo) . 
Local/regional winds. 
Advance of glaciers due to: annual precipitation increase; 
winter precipitation increase, slight drop in summer temperature. 
Decreasing temperature; increasing precipitation 
Advance of glaciers associated with: a sucFssion of short term 
(5-7 years) periods of cold and wet summers. 
Reference 
Posamentier 
(1977) 
Wall~n (1949) 
Schwartz (1974) 
Lamb et al.(l96~) 
Sheard (1965) 
Hubley (1956) 
Messerli et al. 
(1978) 
..,... 
co 
) 
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CHAPTER III 
FACTORS AFFECTING LOCAL GLACIER BALANCE 
The variety and scope of glacier-climate studies ha~~ 
been examined in the previous chapter. It is seen that many of 
these studies (e.g. snow surveys, glacier inventories, glacier 
fluctuations and palaeosnowlines) are concerned with the examination 
of glacier-climate relations at a large scale. While such studies 
are useful in permitt1ng broad generalisations to be made regarding 
the factors affecting glacier distribution, many of the relationships 
developed will break down at the local scale of cirque glacier 
distribution. This is due to th~ important influence of local 
topography on glacier balance. 
In this chapter the main environmental factors affecting 
the local glacier balance are identified. This will help to 
determine the structure of the mass balance simulation model, 
outlined in chapter IV. 
3.1 Local Glacier Studies and the Role of Topography 
Glacier studies in areas of marginal glaciation, where the 
effect of local variations in topography and climate is most apparent, 
best reveal the complexity and diversity of the factors affecting 
glacier distribution. For example, research workers from the 
!nstitute of Arctic and Alpine Research have been concerned with the 
examination of factors affecting cirque glacierisation in eastern 
Baffin Island (e.g. Andrews et al., 1970, 1972; Andrews and Dugdale, 
1971; Williams, 1972, 1975), They stress the importance of various 
'indirect' measures of the cirque environment, such as cirque altitude, 
size and aspect in controlling the glacier mass balance. 
In particular, differences between glacierised and non-
glacierised cirques could be explained by differences in cirque aspect 
rather than the usual 'snowline elevation interpretation' (sec. 2.3.5). 
As n9ted by Derbyshire and Evans (1976, p.453), " •.• asymmetry is 
stronger in lightly glaciated mountains, i.e. where the snowline is 
only just low enough to support glaciers. As glaciation becomes less 
marginal, glaciers from on all aspects •.. " 
In Baffin Island the importance of aspect for glacier growth 
is attributed to insolational advantages of the north-facing cirques. 
Thus, Williams (1972) found the separation of glacierised and non-
glacierised cirques on the basis of elevation and solar radiation to 
be particularly effective. Apart from solar radiation,the importance 
of aspect at the local scale is manifested by its control on such 
processes as snow drifting and avalanching. 
Among studies emphasising the importance of 'directional 
control' on glacier balance, with small changes in cirque aspect 
being responsible for substantial changes in mass balance, is that of 
Alford (1973) who examined the mesoscale aspects of cirque glaciers 
in the. Colorado Front Range. He postulates that variations in the 
winter balance are largely the result of variations in the angular 
relationship between cirque orientation and the mean winter storm 
path trajectory. Variations in the summer balance can be ascribed 
to orientation controls on the ruuounts of shortwave solar radiation 
receipts. Alford expresses these controls by developing equations 
linking the orientation of glaciers with their ex~ected mean specific 
mass balance. 
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Likewise, with respect to the glaciers of the Central Asian 
ranges, Dolgushin (196la, b) notes that the degree of glacierisation 
of the mountain slopes is directly dependent on their aspect. 
Favourable aspects lead to additional accumulation through windblown 
and avalanched snow,lowering the snowline by many hundreds of metres 
below the theoretical 'climatic snowline'. Such contrasts in the 
relative positions of both present and palaeo snow lines (sec, 2 ,3.,5) 
on slopes of differing aspects illustrate the influence of tapa-
climatic effects on local glacier balance. 
The influence of the var~ous topoclimatic effects on mass 
balance, and in turn glacier aspect, has been examined in detail by 
Evans (1974, 1977). He discusses the tendency for the production of 
shade, lee- and east-ward facing glaciers due to the effects of 
radiation, wind,and morning: afternoon contrasts respectively. 
Apart from aspect, other topographic measures - such as 
slope g~adient and surface concavity, also reveal a close correlation 
with the. distribution of snow and ice cover. Young (1973, 1976), for 
example, has developed a method, employing a grid-square technique 
by which. maps of snow accumulation and ablation can be produced from 
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a few sampling points through utilising relationships between terrain 
characteristics and snow depth. He applied the method to Peyto Glacier, 
Alberta and presented maps of topographic parameters used together with 
predicted snow accumulation and ablation for the entire glacier area 
(Young, 1971). The results show the importance and feasibility of 
surface terrain parameters for predicting glacier balance, 
I '.J 
( 
l 
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Further evidence of the important role of topography in 
controlling local glacierisation comes from work on cirque morphometry 
(sec. 2.3.4). Analysis of seventeen variables describing the shape, 
location and geometry of cirques located in Okoa Bay, northern 
Cumberland Peninsula, Baffin Island by Andrews and Dugdale (1971) 
reveal the importance of cirque altitude and aspect in determining 
the state of cirque glacierisation. 
Graf (1976), by comparing the sites of cirques containing 
glaciers with those that are empty in the Rocky Mountains, has 
further shown the importance of cirque morphometry and cirque environ-
ment in influencing glacier location. For glacier occupance, the 
effect of shading from insolation offered by the northerly aspects 
and high walls of cirques, snow accumulation through avalanching from 
the surrounding steep slopes and snow drift from plateau surfaces 
upwind are found to be important factors, Based on these effects 
Graf considers an optimum glacier location for the Rocky Mountains to 
be 11 a large cirque facing northeast, with a planimetric shape of 
width greater than length, high steep walls, a pass loca;ted to the 
windward, and a peak to the southwest". 
3,2 Field Observations of Local Glaciers ~n Iceland and Italy 
The close control of snow and ice distribution by local 
topography was also evident in the. field observations made by the 
author during visits to glacierised regions in northern Iceland and 
northe.rn Italy. As a member of the Durham University Vestfirdir Project 
(4escribed by John and Alexander, 1975) observations of snowpatches and 
cirque glaciers were made in north-western Iceland (Vestfirdir region) 
during the sUIDlners of 1976 and 1978, Glaciers in northern Italy 
( 
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(Ortles-Cevedale range) were observed in the summer of 1976 and in 
north-central Iceland (Trollaskagi region) during the summer of 1978. 
3.2.1 Vestfirdir 
Vestfirdir is a typical Tertiary basalt district consisting 
for the main part, of a gently undulating plateau with an average 
altitude of 500-800 m. above sea level. This plateau is intersected 
by a number of steep-sided fjords and fjord systems, e.g. Isafjardar-
djup and Arnarfjordur. The western part of Vestfirdir is distinguished 
by an area of 'alpine topography', with considerable development of 
cirques and trough-ends occupying the valley sides (Figs. 3.1, 3.2, 
3.3). Between the cirques and troughs dissecting this region, numerous 
plateau remnants still remain (Fig. 3,4}. John (1975) has recognised 
eight major glacier erosional landscape types in Vestfirdir (Fig. 3.5). 
The glaciation level varies in Vestfir~ir from about 600 m. 
in the extreme northern part of the region to over 1000 m. above sea 
level in the south. At present the glacierisation in this region 
consists of the Drangajokull ice cap in the north-east and a number of 
small cirque glaciers in isolated northern localities (see Fig. 3.5). 
Vestfirchr is a glaciologically marginal area which has remained as 
a relatively isolated peninsula, being removed from the direct 
influence of the Pleistocene Icelandic ice-sheets. 
The extreme sensitivity of Vestfirjir to climatic changes 
~s evident from a study of the numerous climatologically induced 
variations of the ~rangajokull outlet glaciers since 1700 (Eythorsson, 
1935). Furth.ermore, according to historical records, during the 
middle of the 18th century the Glama plateau in the central part of 
.... , 
/ 
the region was covered by a relatively large ice cap (Glamaj~kull) . 
However according to Thorarinsson (1943, p.l6) the Glama plateau was 
free of ice in 1893 and, on the whole, has remained ice free up to 
the present times. Thus Glamajokull seems to appear and disappear in 
response to medium scale climatic changes (John, 1976), 
This glaciological sensitivity is further illustrated by 
observations of snow and ice distribution in the western 'alpine' 
area. In the absence ~f glacier ice in the majority of the cirques, 
due to the glaciation level being slightly higher than the cirque 
altitudes, attention was first directed at the distribution of snow-
patches in early August. Numerous local snowpatches are found to 
occupy sheltered localities provided by small concave hollows, gullies 
or the stepped topography formed by different basalt flows. 
For local glacier generation, however, it is the rather larger 
(c. 100 m. length) snowpatches that are important. These are invariably 
located in the cirque floors at the foot of steep avalanching slopes. 
This can be seen in Fig. 3.6 which is a field sketch of snowpatch 
2 distribution in August, 1978 in an 8 km area near Nupur. Sheltered 
from wind deflation and the direct rays of insolation, the snow in 
these cirques can survive well into the ablation season (Fig. 3.7). In 
fact some of these snowpatches appear to be perennial. Their location 
in cirques adjacent to plateau remnants may be an important controlling 
factor in their distribution. 
The plateau remnants act as source areas for snowdrift which 
is swept into the leeward cirques and other suitable concavities. This 
importance of snowdrift accumulation for the survival of major snowpatches 
is shown by the fact that in Fig. 3.6, the cirque ~n the extreme north-
eastern part of the area mapped is devoid of any snow, reflecting the 
lack of a substantial adjacent plateau remnant. 
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The importance of cirque location leeward of plateau areas is 
further substantiated upon consideration of some small cirque glaciers 
that occur at the head of Seljalandsdalur and Hattardalur valleys on 
the northern edge of Lambadelsfjall (Fig. 3.5). These glaciers are 
located in north and north-east facing concave hollows backing into the 
plateau edge, between 600-700 m. above sea level (Fig. 3.8). Similar 
glaciers situated at lower altitudes (c. 400 m) are also found north 
of Isafjardardjup (Fig. 3.5). They probably owe their existence to the 
avalanching of snow from cornices at the plateau edge, fed in turn by 
snowdrift from the plateau. Distinct neoglacial moraines can be observed 
in front of these glaciers indicating their past activity and larger 
areal coverage than at present. 
3.2.2. Trollaskagi 
Trollaskagi, located between the Skaga and Eyja fjords, in 
northern Iceland, is another marginally glacierised area characterised 
by the development of numerous discrete local glaciers. The region, 
extending for about 55 km. from east to west and more than 75 km. north 
to &outh, represents a deeply-incised mountain range. The highly rugged 
and irregular terrain dissects a 1000 - 1500 m. high plateau. In 
contrast to the Vestfirair area, plateau remnants are few and small, 
the divides being formed by sharp ridges and high peaks. The greatest 
altitudes ( > 1300 m.) occur in the central region along the main water-
shed, between Horgardalur and Skidadalur (Fig. 3.9). The numerous 
cirques and trough-ends in this region are often separated by steeply-
towering ridges many hundreds of metres high. 
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According to data gathered from aerial photographs (taken 
by the U.S. Air Force in 1960), 1:50,000 photogranunetric maps 
(prepared by the U.S. Army Map Service), and field observations of 
the Iceland Unit (Young Explorer's Trust) involved in developing a 
North Iceland Glacier Inventory (Escritt., 1974, 1976), there are 
I 
approximately 110 perennial snow and ice masses in this region (Fig. 
3.9). Most of these can be distinguished as small localised glaciers 
or glacierets of the cirque and hanging variety. 
The majority of the cirque glaciers have a northerly aspect. 
The glaciation limit lies at an altitude of about 1000 m. in the 
northern parts of the mountain range and ascends to over 1300 m. in the 
central part. Given the markedly irregular topography, avalanching of 
snow off the steep enclosing slopes and its accumulation in the 
7 cirque floors appears to be the main factor responsible for the 
survival of these local glaciers. 
3.2.3 Ortles-Cevedale Group 
The third area of mountain glacierisation in which observations 
of glaciers were carried out is the Ortles-Cevedale range in northern 
Italy. The Ortles-Cevedale mountains form part of the Rhaetian Alps 
and are much more intensively glacierised than the northern Icelandic 
regions. The group consists of four major ranges radiating out from 
the central node of Mt. Cevedale (3778 m.) as shown in Fig. 3.10. Mt. 
Ortles (3899 m.), on the western range forms the highest point of the 
group and many other peaks exceed 3000 m. 
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The distribution and characteristics of the Ortles-Cevedale 
glaciers have been studied in detail by Desio and his collaborators 
(Desio et al., 1973). They describe the occurrence of 132 glaciers in 
the region covering an area of approximately 96 km2 . The glaciers are 
located in three hydrographical basins - the Adda basin with 48 glaciers, 
the Oglio basin with 2 glaciers and the Adige basin with 82 glaciers. 
As a result of the varied landscape forms a great variety of Alpine 
glacier forms can be distinguished in this region. The majority (87%), 
however, can be classified as local 'slope glaciers', which suggests 
the control of topography on glacier location. 
With regard to glacier distribution, the climatic snowline 
in the Ortles-Cevedale region is calculated at around 3000-3100 m. 
However, the control of slope aspect is particularly striking for 
glacier location, with northerly aspects being most dominant, From 
a survey of glaciers carried out in 1961, Desio et al. (Table 6, p.39) 
determined that 58% of the glaciers or 61·2% of the glacierised area 
have northerly components in their aspects. 
The northerly aspects become progressively more dominant 
at altitudes increasingly below the climatic snowline (i.e. in condi-
tions of more marginal glaciation). Thus the largest glacierised area 
for the northern orientation is situated at 2900 m. above sea level 
while for the southern orientation it is at 3070 m. Below (to 2210 rn 
J 
the absolute minimum altitude for glaciation) only N, NNW and NNE 
aspects occur. 
) 
) 
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Desio et al. (p.46 ff) considered the further influence of 
local topography in glacier location by calculating a rough 'orographical 
coefficient', taken to be the altitude (in metres) by which the average 
altitude of a glacier falls above or below the snowline because of the 
influence of the orographical factors, in particular the shape of the 
hollow containing the glacier and its orientation. The orographical 
coefficient is made up of two elements, namely the orographic coefficient 
and the morphological coefficient. 
The orographic coefficient was calculated by Desio et al. as 
the average difference (positive or negative) between the average altitude 
of the area of the glacier, (corresponding to the altitude of the orogra-
phical snowline), and the altitude of the climatic snowline (calculated as 
3050 m.); the data being related to the orientation of the glacier. The 
results reveal a clear influence of aspect, with northerly component 
having negative values and southerly components positive values. 
The morphological coefficient depends solely on the morphology 
of the glacier and its determination was based on an examination of the 
type of alimentation received by each glacier. The average value of the 
average altitudes of the glaciers, for each of the different types of 
alimentation, relative to a height of 3050 m. and to the heights obtained 
using the orientation coefficient were determined by Desio et al. (Table 
15, p.51) for the 1961 glacier survey as follows: for glaciers with 
direct alimentation (+30m.); direct and from avalanches (-10m.); from 
avalanches and reconstructed (-138m.). Based on these considerations 
an average morphological coefficient was determined for different glacier 
types; e.g. valley glaciers (+22m.), slope glaciers (+100m.), cirque 
glaciers (-2m.), ridge glaciers (+41 m.), and summit plateau glaciers 
(+391m.). 
The above discussion serves to illustrate that spatial 
variations in the distribution of snow and ice at the local scale 
are closely related to the variability of the topographic factors, 
especially local altitude, aspect, and surface concavity. Thus an 
accurate portrayal of the topography is essential for the successful 
modelling of local glacier distribution (the nature of topographic 
inputs is discussed in chap. V). A second important control on 
glacier mass balance is provided by the factors of local climate. 
3.3 The Role of Climate 
The crucial role of climate for glacier distribution has 
been stressed in the various studies concerned with developing broad 
glacier-climate relationships, reviewed in chap. II. The use of 
regional macroclimatic indices to define areas of local glacier ice 
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growth is, however, unjustified since local topography may allow the 
growth of ice, sheltered from the summer insolation and fed by snow drift, 
in areas where the regional macroclimate data does not offer any clues 
for the presence of glacier ice. 
Studies of local glacier environment (e.g. Alford, 1973) 
further reveal that mass balances may vary greatly within the same 
regional clhnate. Clearly, then, for local glacier distribution, 
consideration of local variability in climatic elements is necessary. 
This may be obtained by determining the manner and extent of modifi-
cation by terrain of regional climatic values (chap. VI). 
Fundamental climatic elements such as precipitation, air 
temperature, cloud cover, wind speed and direction will, all, obviously, 
have an important control on glacier mass balance· (sec. 2.3.3). For 
) 
example, consideration of air temperature is necessary for such 
purposes as determining the proportion of precipitation that will 
fall as snow at any altitude, whether the snow is 'dry' enough for 
substantial drifting to take place, and for determining the effecti-
veness of the energy exchange processes for ablation to take place. 
The importance of summer snowfalls for glacier balance, through the 
reduction of the ablation season and increased reflection of radiation 
by the snow surface, has been shown by Tronov (1962) in his study of 
the glaciers in the Ce~tral Altai region. 
The characteristics of the wind near the earth's surface are 
of major importance in controlling the amount of snow movement and so 
determining the scour and depositional patterns through the effects of 
snow drifting and avalanching. In addition 1 transport of snow by wind 
will result in changes of snow density and other physical properties. 
Furthermore, wind speeds will influence the amount of turbulent heat 
exchange taking place between the glacier surface and the atmosphere. 
The radiation component of the energy exchange will be affected by the 
degree of cloudiness. 
These various climatic elements experience a great deal of 
spatial variability in mountainous areas and are closely linked to the 
topographic factors mentioned earlier (sec, 3.2). Most of them show 
clear variation with altitude in the first instance and are further 
modified by the influence of slope aspect, gradient and surface 
concavity. For example precipitationamounts generally increase with 
altitude and also vary with broad scale aspect effects, windward slopes 
experiencing higher precipitation than leeward ones (though at the 
local scale this effect is reversed by the drifting of snow to leeward 
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locations). The variability found in the climatic elements, their 
influence on the mass balance and the manner in which they are related 
to the local topography are all discussed further i.n chapter VI. 
The linportance of Processes ~n 
Mass Balance 
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While studies linking variations in glacier mass balance to 
particular topographi~ and climatic factors, mentioned above, are use-
ful in indicating their important role in controlling the distribution 
of snow and ice cover, the variability of the mass balance processes 
leads to variation between topographic and climatic indices applicable 
in different areas of glacierisation. Thus, the coefficients in Young's 
(1971) equations linking snowdepth and terrain parameters (sec. 3 .1) 
will vary from year to year and on different glaciers since the method 
is not process-based but relies on field sampling of the density and 
depth of snow. 
Such procedures provide little understanding about the nature 
of the interactions between the different processes affecting glacier 
mass balance. For example, while su~ner temperature is regarded as a 
key factor in determining ablation amounts because of its close corre-
lation with melting, in actual fact there is no simple relationship 
between air tenperature and glacier mass balance. This is because summer 
melting is not determined by air temperature but by the amount of energy 
absorbed at the glacier surface. This, in turn, ~s determined by the 
amount of incident radiation, the albedo of the glacier surface material 
and the turbulent structure of the lowest part of the atmosphere. All 
of these factors experience great spatial and temporal variability. 
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Thus if the amount of accumulation or ablation is simply 
related to topographic or climatic indic;es without regard to 
the processes involved, the model will be applicable only in the 
area where the indices were formulated. If the intensity or type of 
climatic variable or the topographic environment changes, there will be 
corresponding changes in their relationships with mass balance. 
c:. 
Clearly, to develop a mass balance model of general appli;bility, 
providing information on the dynamic effects of the processes respon-
sible for inducing changes in the mass balance, consideration of the 
actual processes of both snow accumulation and ablation is necessary 
(sec. 1.3). 
Although some attempts have been made to model the processes 
affecting glacier ablation, through consideration of the energy 
exchange at the glacier surface (e.g. Williams, 1974, 1975), little 
attention has .been directed to such processes as snow drifti·ng and 
avalanching. These latter processes may be crucial for the growth and 
survival of small cirque glaciers, e.g. in the Colorado Front Range 
(Outcalt and MacPhail, 1965), Urals (Dolgushin, 196la), and northern 
Iceland (sec. 3.2). Difficulties in modelling these processes have 
been mentioned in sec. 1.2; however, their close control by factors of 
local topography and climate points to the feasibility of modelling 
local glacier balance through establishing quantitative links between 
mass balance processes and relevant topographic and climatic variables. 
Snow drifting, for example, is affected by such climatic 
controls as changes in winter wind velocity and direction together with 
the temperature and mobility of the freshly fallen snow. The crucial 
levels of wind velocity, thickness of initial snow cover and its 
) 
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temperature for the commencement of drift can be determined. Local 
topographic control is also evident in the necessity for exposed p~ateau 
areas to permit snowdrift,and concavities or gentle leeward slopes for 
its accumulation. The build-up of wind drifted snow in certain localities 
(such as slopes with steep gradients or convex profiles) will result in 
its av~~~nching. In the process of snow transportation some of it may 
be lost through sublimation, depending on temperature, wind speed, 
humidity and insolation conditions. The nature of snow accumulation 
processes and the manner in which they can be related to topographic 
and climatic variables is discussed in chapter VII. 
For ablation also, spatial and temporal variations in the 
;C. 
absolute and relative magnitude of the energy ~change processes are 
controlled by the relevant climatic and physiographic factors. For 
example, solar radiation receipt {often the most important component 
in energy exchange) varies with altitude, slope gradient, aspect and 
the duration of radiation; the latter being controlled by the time of 
sunrise and sunset expected at the slope of the surface, and modified 
by the effect of surrounding terrain blocking the sun's rays. Cloud-
iness further modifies the amount of direct solar radiation while its 
effectiveness for melting will be controlled by air temperature (sec. 
8.2). The turbulent transfer of heat between the snow and the atmosphere 
will in turn depend on the temperature, wind and humidity conditions 
above the glacier surface. The role of glacier ablation processes 
together.with the modelling of the energy balance components is consi-
dered in chapter VIII. 
Apart from consideration of topography and climate in contra-
lling mass balance processes, 'glaciological factors' -concerned with 
the physical properties of the glacier surface, also play an important 
role in mass balance determinations. For example, the albedo of the 
glacier surface is a critical factor in controlling the amount of solar 
radiation absorbed by the surface. The albedo varies with the angle of 
incidence of solar radiation. It is also dependent on the density and 
age of the snow or ice. Thus fresh summer snowfalls can have a decisive 
effect on glacier regime by reducing ablation through increasing 
albedo (Tronov, 1961). Further, such variables as the surface tempera-
' ture, roughness and emissivity of snow and ice must be considered for 
energy balance calculations; while density and water equivalent are 
important indices depicting the physical state of the material forming 
the glacier. 
3.5 Identification of Relevant Mass Balance 
Factors and their Interactions 
From the brief discussion above.of the variables important in the 
determination of glacier mass balance, it is clear that three sets of 
controlling variables need consideration, namely topographical, 
climatological and glaciological factors (Table 3.1). 
The relevance and importance of these different factors for 
glacier mass balance determination will depend on the particular scale 
of study employed. Glacier distribution can be visualised at a macro-
scale, emphasising regional variability; mesoscale, emphasising local 
or within-region variability; or at a microscale variability level. 
From the various inventories of local glacier distribution in alpine 
areas (sec. 2.3.1), it can be seen that the sizes of most cirque glaciers 
vary from less than 0·5 sq. km. in area to about 2-3 sq. km. 
I, 
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Determination of the scale at which most glaciological and 
climatological precesses act is more difficult. Some glacier charac-
teristics such as albedo and density, together with such climatological 
effects, as wind speed and direction, may change over short distances; 
while other controlling variables, such as the distribution of preci-
pitation, may reveal the operation of larger scale effects as is evident 
from differences in precipitation amounts between windward and leeward 
sides of mountain ranges. However, studies of snowcover accumulation 
and ablation patterns reveal that the majority of the processes affecting 
local glacier mass balance operate at the mesoscale, i.e. with charac-
teristic linear distance variability of 102 to 103 m. 
It is precisely at this scale of variability that spatial 
variations in the mass balance processes are closely determined by 
variations in local topography. Thus, factors important for the 
regional variability of glaciers, such as latitude and continentality, 
and those depicting microscale effects concerning differences within 
distances of 10 to 102 m. are not relevant at this scale. 
It is interesting to note that the majority of glacier studies 
have been concerned with either mass balance measurements over small 
areas of individual glaciers or with large scale studies of the regional 
distribution of glaciers. Relatively little work has been done at the 
mesoscale level of variability. 
Having identified the factors important for mass balance 
determination, the next step is to formulate the interrelationships 
between them to facilitate the assessment of their individual influences 
on glacier mass balance. This has been attempted ip. a general way in 
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Fig. 3.11. It is clear that, even in general outline, the scheme 
presented reflects the complex pattern of the interaction of climate 
and topography with local glacier balance. 
t~Q... 
Some ofAcontrolling variables, e.g. solar radiation, air 
temperature and snowfall are not mutually independent, Others (e.g. 
albedo) are affected by feedback mechanisms operating between them 
and the mass balance processes. The influence on climatological 
variables of local topography is also portrayed. 
The close control of topography over local climate, together 
with the accumulation and ablation processes, suggests that a spatial 
model of local glacier distribution can be developed by relating 
mass balance factors to topographic variables. Since these topographic 
variables can, in turn, be derived from altitude values (sec. 5.3.1), 
glacier mass balance variation can be estimated from the input of local 
altitude and regional climate variables alone, provided the interactions 
between the various mass balance components in Fig. 3,11 can be 
quantified, A model which attempts to simulate these interactions is 
presented in the following chapter. 
J 
TABLE 3.1 
Some Critical Factors Affecting Local Glacier Balance 
Topographical 
Altitude 
Gradient 
Aspect 
Surface concavity 
Relief 
Area of neighbour-
ing steep slopes 
Shading by surroun-
ding topography 
Climatological Glaciological 
Solar radiation Surface temperature 
Air temperature Albedo 
Precipitation Density 
Wind speed Water equivalent 
Wind direction Surface roughness 
Cloudiness Emissivity 
Humidity 
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FIGURE 3.1 
k . N N E · t N d 1 Note the cirques (Hrutaskal and Geldinga-Loo ~ng ... ~n o ups a ur. 
dalur) cutting into the plateau margins. 
FIQURE 3 p2 
Looking S.E. from Head of Nupsdalur across Mouths of the Miahvilft and 
Selijahvilft Cirques (right), and across Nupsdalur to Klukkulandschvilft. 
I . 
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FIGURE 3,3 
Looking West into Geldingadalur Cirque About 9 km. South of Thingeyri. 
FIGURE 3.4 
Undulating Plateau with Blockfields in the Nupur Area. 
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FIGURE 3. 5 
Sketch-Map of the Glacierisation and Landscape Types Found in Vestfirdir. · 
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• Snow-pa.tc.hfiS 0 3 
FIGURE 3.6 
Snowpatch Distribution in the Nupur Area (August 1978) . 
-FIGURE 3.7 
Snowpatch at the Head of Geldingadalur Cirque 1n the Nupur Area, 12th 
August 1978. 
FIGURE 3. 8 
72 
View of Cirque Glaciers at the Head of Hattardalur . on the Northern Edge 
of Lambadelsfjall (Vestfir~ir). 
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FIGURE 3.10 
Glacierisation of the Ortle$-Cevedale Group 
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FIGURE 3.11 
Conw:ntionat 
heat transfer 
Interaction of Factors Affecting Glacier Mass Balance (modified after Evans, 1974 p.67) 
Notes. c-circular relation. p-parabolic relation. t-thermal inversions. 
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CHAPTER IV 
SIMULATION MODEL OUTLINE 
As seen in chapter III, spatial variations 1n glacier mass 
balance are a complex function of the distribution and amount of snow 
accumulation, the nature and amount of incoming energy, and the 
utilisation of this energy at the glacier surface during the suum1er 
ablation period. Interqctions between the relevant climatological and 
topographical factors, including variations in the mass balance 
processes, would appear to be best studied by means of computer 
simulation. A model of glacier mass balance simulation will be 
outlined in this chapter, after initial consideration of the nature 
and advantages of computer simulation. 
4.1 Nature ot·computer Simulation 
Simulation techniques are being increasingly applied to a 
great variety of problems in many diverse disciplines. This has 
resulted in many different definitions of 'simulation' depending on 
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the aims and nature of the study being undertaken. A simple and broad 
definition would be "Simulation is essentially a technique that involves 
setting up a model of a real situation and then performing experiments 
on the model" (Naylor et al,, 1966 p.2). In this sense simulation is 
basically a working analogy and, as such, it includes all sorts of 
simulation exercises, like military war games, hardware scale models 
of beaches or river basins, wind tunnel experiments, as well as 
mathematical models, 
The majority of simulation studies, however, use digital 
computers to study mathematical models which usually represent some 
active system involving the dynamic interaction of variables and 
parameters. In view of this, the above definition of simulation can 
be narrowed to the following: 
"Computer simulation is a numerical technique for 
conducting experiments on a digital computer; this 
technique involves certain types of mathematical 
and logical mpdels that describe the behaviour of 
dynamic systems (or some component thereof) over 
periods of time". (adapted from Naylor et al., 1966 
and Maisel and Gnugnoli, 1972). 
Hav·ing defined the simulation technique, in the sense that 
it is used in this study, we should consider the type of problem for 
which it is most appropriate, with particular attention to the study 
of glacier balance. Computer simulation is used in cases where: 
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(i) it is either difficult or costly to observe certain processes 
in the real world. For example, in this study of glacier balance 
determination, the many problems involved with direct observation of 
glaciers coupled with the slow rates of glacier processes, (mentioned 
in sec, 1.2), make field study and physical experitnentation on glaciers 
difficult. 
(ii} the observed system may be so complex that both mathematical 
analysis and experimentation with prototypes may not be possible. 
Following on from the discussion in sec. 3.5, it is clear that the 
many factors involved in the determination of glacier balance and the 
poor expression in quantitative terms of their interrelations make 
analytical solutions impossible while, the construction of hardware 
models results in problems of scaling and in difficulties of controlling 
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relevant variables. Hence in this case only numerical solution is 
possible. 
Computer simulation permits the study of the complex 
interactions of a natural system in a systematic and controlled 
manner. It is, thus, ideally suited to a situation where an outcome 
depends on many variables and parameters, and involves numerous 
computation steps. This is the case with the simulation of glacier 
' balance. It should be noted that simulation is normally used as a 
last resort after all other methods of solution have been shown to 
be inappropriate. 
The use of computer simulation has several other advantages. 
It enables the study of a system in compressed time; thus slow-acting 
effects such as the glacier response to climatic change can be readily 
analysed. Furthermore, it enables the effects of certain modifications 
in the system model on system behaviour to be studied. Thus, in the 
present study,. the effect of changing certain climatic parameters on 
glacier balance can be studied through computer simulation experiments. 
This ability to predict events under specified conditions of the system 
forms one of the most important advantages of computer simulation. 
The development of a simulation model involves a synthesis 
of the knowledge about the real system and, as such, the "ability to 
accurately predict behaviour is a severe test of the adequacy of 
knowledge in any one subject" (Crawford and Linsley, 1966 p.2). 
There is always the possibility that the simulation methodology of 
imitating a system through a numerical abstraction may lead to a 
better understanding of the system, with the highlighting of those 
areas where data or theory are lacking, and the provision of ideas for 
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further improving the simulation model. 
The above advantages of using simulation are partly offset 
by the fact that a long time is usually involved in the development of 
complex simulation models and the process may turn out to be rather 
costly. A potential limitation is imposed by the great number of 
simplifying assumptions that are usually incorporated in the computer 
program and these could get hidden in the simulation process. As noted 
' by Frenkiel and Goodall(eds .1978 ,p .12) ;'the power of simulation models 
lies ~n the complexity of the system they can examine; their weakness 
lies in the simplistic assumptions that may be used in some or all of 
the component parts". 
Furthermore, being an experimental technique, simulation 
.j gives output only for the particular values of the independent variables 
and the system parameters used in that experiments. The functional 
relationships between the output and the independent variables and 
parameters, thus, have to be realised by numerous 'simulation runs' 
with one or more parameters set at new values. 
The widespread application of simulation to a great variety 
of systems and the differing nature of simulation studies have 
resulted ~n many variations in the way a simulation study proceeds. A 
number of common procedural steps can, however, be identified. These 
are discussed in most standard references on computer simulation (e.g. 
Naylor et al., 1966). The basic steps are shown in the form of a flow 
chart in Fig. 4.1. It can be seen that computer simulation is concerned 
especially with the analysis of a physical system which is expressed 
) 
I as a collection of mathematical terms and parameters. This 
\ mathematical model is verified by simulating system behaviour with 
l 
known input and output. If the simulated output does not agree with 
the observed system response changes are made in the mathematical 
representations. 
This process is continued until the simulation model is 
judged to be an adequate representation of the physical system. The 
various steps involved in the simulation process are discussed at 
greater length with reference to the development of the glacier mass 
balance simulation model (sees. 4.3- 4.6). 
4.2 Previous Applications of Simulation in Glacier Studies 
With the study of most natural systemSbeing handicapped by 
problems of direct observation and experimentation, the complexity 
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of controlling factors, and the slowness of process rates, computer 
simulation is often the only feasible technique available. The wide-
spread use of computer simulation in earth - sciences as a whole, (e.g. 
Harbaugh and Bonham- Carter, 1970; Rayner, 1974; Fleming, 1975), is 
reflected by the increasing application of the· technique to glacier-
related problems. For example, considerable attention has been focused 
on the dynamics of glaciers and ice-sheets (e.g. reviews by Budd and 
Radok, 1971; Budd and Jenssen, 1975). This knowledge of ice dynamics 
has been used to simulate the flow of valley glaciers (e.g. Allison and 
Kruss, 1977) and, at a larger scale, the growth of ice sheets (Mahaffy, 
1974). The latter model has been used to simulate the growth of the 
Laurentide ice sheet (Andrews and Mahaffy, 1976). 
Further attempts at reconstructing the characteristics of 
fonner large scale ice masses include the models developed by Mahaffy 
(1976) for the Barnes ice cap ln Baffin Island; Sugden (1977b) for the 
Laurentide ice sheet at its maximum; and Gordon (1979) for northern Scotland. 
D 
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tt can be seen that many of the numerical simulation models 
developed for glacier study involve large temporal and spatial 
dimensions. Relatively little attention has been.directed at the 
simulation of local glaciers. Exceptions include the reconstruction 
of former glacier-climate conditions in the eastern Grampian Moun-
tains by Sissons and Sutherland (1976); the mass balance simulations 
during an ablation season by Williams (1974, 1975); and the qualita-
tive comments on the interaction between topography, climate and 
mountain glaciers by Glazyrin (1975). Williams'. (1974) model, 
using an energy balance approach, is the most detailed attempt to 
simulate local glacier balance. However, lack of any consideration 
of snow drifting and avalanching, important processes in mountain 
glacier growth, means that the model is of limited application in 
determining the distribution of local glaciers. 
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A field of related interest to glacier balance determination, 
in which simulation models have been extensively used, is that of 
'snowmelt hydrology' (sec. 2.3.6). Here computer simulation, with 
its ability to predict and experiment with different input conditions, 
has been found to be ideally suited, both as a runoff forecasting 
tool and as a means of improving the understanding of snowmelt 
processes. This has led to the development of numerous snowmelt 
routines which form important components of runoff models (sec. 8.1). 
4,3 CP,aracteri:stics- of the Glacier Masse .Balance Simulation. Model 
The ·nqture of.'the glacipmeteorolQgfcal problem has been -discussed 
in sec. 1.1, and from sec. 4.1 it is seen that such a problem is appropriately 
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analysed by computer simulation techniques. Thus, it was decided 
that the question of local glacier distribution and its relation to 
climate and topography is best approached through the development 
of a determin.istic. simulation model which, with given inputs of 
local topography and climate, will locate areas of positive mass 
balance and local glacier generation. Such a model will also make 
it possible to identify and study the effects of the many different 
combinations of climatic parameters on glacier mass balance. The 
' 
aims, approach and the scope of this study have been outlined in 
sec. 1.3. The succeeding sections in this chapter are concerned with 
the development of the mass balance simulation model in accordance 
with the procedural steps shown in Fig. 4.1. 
4.3.1 System Description and Model Structure 
Having defined the study problem, the next step is to 
collect and process real world data in order to develop a model of 
the system being studied. This involves a description of the system 
in tenus of the relevant components, their relationships to one 
another, and the establishment of system boundaries. 
.) A workable structure of the glacier mass balance system can 
be established from the analysis of published reports (chap. II), and 
through the identification of the relevant factors affecting local 
glacier balance (chap. III). A simplified glacier mass balance $YStem, 
with the identification of its major components and relationships, 
visualised as a result of the interaction between exogenous topographic 
and climatic factors was presented in sec. 3.5. 
) 
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Following the definition of the system, the next step is 
to model it. A model can be simply thought of as an 'abstraction 
of a real system that can be used for the purpose of studying the 
system'. Naylor et al., (1966 p.lO) point out that in order to be 
useful a model must necessarily try to be both realistic and simple 
at the same time. They note that, on the one hand, it should serve 
as a reasonably close approximation to the real system and on the 
other hand, it must not, be so complex that it is impossible to 
understand and manipulate. 
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A simplified structure of the glacier mass balance model is 
presented in the form of a flow chart in Fig. 4.2. The manner ~n 
which the various aspects of the mass balance have been modelled is 
discussed in the succeeding chapters; however, without delving into 
a detailed discussion of systems and modelling theory, a number of 
general considerations pertinent to the development of the mass balance 
model are discussed in the following sections. 
4.3.2 Choice of'Variables 
The choice of which and how many variables to include in the 
model is based on the identification of those parts of the system judged 
to be important. This choice is further governed by such considerations 
as the particular spatial and temporal scales employed in the study, computer 
memory capacity, and the computer time available to complete a model 'run'. 
In the model structure a distinction is made between exogenous and 
endogenous variables. In particular, the exogenous variables representing 
the local topographical and climatological input need to be specified 
pr-• or to mass balance simulation. The topographical variables 
relev~t for glacier mass balance determination are defined in chap.V. 
I.ocal. .climate is obtained from · the . ·- irp;eraction of local 
) 
) 
! 
topography with regional climate (chap. VI). Endogenous variables, 
being the dependent or ·output variables of the system, consider the 
effects of the various accumulation and ablation processes (chaps. 
VII and VIII respectively) resulting in the net mass balance at the end 
of the simulation time period. 
4.3.3 Nature of Relationships 
In developing the simulation model it is useful to distinguish 
' 
between the various types of relationships that are used to express the 
interactions between the model components. These range from determinis-
tic to stochastic on the one hand and from empirical to theoretical on 
the other. 
In the present study it ~s attempted to establish deterministic 
relations, as far as possible, in order to reduce model complexity. In 
trying to model the actual processes of mass balance, however, problems 
occur in those parts of the system where, due to a lack of quantitative 
information, it is difficult or impossible to quantify the variables 
and relationships affecting system behaviour. As noted in sec. 1. 3, 
_this is especially the case with analysing the areal variation of 
local climatic factors and in calculating the amounts of snow being 
drifted and avalanched. Furthermore, it is clear from the review of 
glacier studies in chap. II that much of the work on glacier climatology 
is empirical in nature, being based on mass and energy balance studies 
at selected studies on individual glaciers over limited durations of 
time. The consequence of this is that, although the direction of the 
mass balance relations, as portrayed in Fig. 3.11 may be known, the 
understanding of their quantitative effect is still vague. 
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This problem of developing a model in spite of gaps in the 
knowledge of the system is common to most studies concerned with the 
simulation of natural systems. In order to develop the simulation 
model, permitting progress in the understanding of the system as a 
whole, it is necessary to use 'empiricisms' for those parts which are 
relatively little understood. By 'empiricisms' I mean the practice 
of fitting a curve to observed data as opposed to rational application 
of dynamic principles to predict a pattern of behaviour. 
Such empirical relations can be viewed statistically. There 
is the problem, of course, that the use of empirical relations 
unsupported by dimensional analysis may lead to risky extrapolation. 
However, they can be "used to bridge gaps in knowledge, pending 
confirmation or replacement, to avoid stalling progress in the develop-
ment of the model". (Holtan, 1970 p.l4). In this manner, by high-
lighting those aspects of the system that warrant special attention 
and from which parameters should be measured, even a first relatively 
crude simulation should help in the design of experiments necessary 
for better understanding of the system under study. 
In the mass balance model, then, many of the relationships 
) between model variables are based on rather vague and ill-defined 
empirical and semi-empirical relations. Inevitably some parts of the 
simulation model (e.g. energy balance calculations) will be more 
detailed than others (e.g. snow drift calculations) which are not 
adequately described mathematically. As knowledge about the system 
increases it will be possible to reduce this empiricism and express 
important processes by more fundamental physical relations. 
.3 
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A further simplifying characteristic of the mass balance 
model is the utilisation, in a deterministic fashion, of a number of 
important thresholds in the glacier balance system. For example, a 
temperature threshold is used to distinguish between the amounts of 
liquid and solid precipitation, a combination of topographical and 
climatological thresholds are used to distinguish those areas which 
will experience snow drifting and avalanching, a threshold of snow and 
ice thickness is used to determine when flow will occur on a given 
gradient, etc. 
Consideration is also given to such feedback relations as 
the effect of changing albedo and surface roughness conditions 
(varying with changes in the state of glacial material from snow + 
firr. + ice) in controlling the amount of energy available for the ,\ 
melting of glacial material. These threshold and feedback relations 
form an important aspect of the simulation study and are discussed in 
the appropriate sections of the succeeding chapters dealing with the 
modelling of the mass balance components. 
4.4 Temporal and Spatial Scales of Study 
The particular temporal and spatial scales adopted should 
form important considerations in the development of any simulation 
model. In attempting to model the system characteristics as closely 
as possible, the ultimate in modelling would be the utilisation of 
continuous time and infinitesimal space increments. This is, however, 
prevented by many practical limitations and, in any case, would make 
the model far too complex to be useful. 
) 
In general, model complexity is dependent on the magnitude 
of the temporal and spatial increments utilised, since with the 
application of large increments, effects of phenomena which change 
over relatively small increments of space and time can be neglected. 
Reducing temporal and spatial increments would require more detailed 
definition of the small-scale effects, thus leading to a further 
increase in the requirements of computer capacity and capability. 
4.4.1 Representation of Time 
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An important consideration in simulation is the representation 
of time,since all processes are time-dependent. Variation of time may 
be treated in a continuous manner or, as is more usual, in a series of 
discrete steps. In reality most operations are continuous but it is 
necessary to break them into a sequence of steps to simulate them on a 
digital computer. In digital simulation, the passage of time (referred 
to as 'clock time') could be represented by using a critical-event 
approach (the system being viewed as proceeding from one event to 
another until a prescribed sequence of events is completed) or by an 
_interval-oriented approach (the system being viewed as changing in all 
its aspects over time; its state being updated, usually in fixed 
time intervals until a prescribed amount of time has elapsed). 
The passage of time in the mass balance model is represented 
by using the interval-oriented approach (Fig.4.3); the clock being 
advanced by one-month intervals, Consideration of the size of time-
interval is important since this will affect the model output. An 
important constraint on the size of time-interval is imposed by the 
total computer time necessary to execute one 'run' (i.e. one movement 
of the system from the beginning to the end of the simulated time period). 
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In the case of glacier balance simulation, it may take 3-5 
years for temperate ice formation and about 30-LfO years for glacier 
flow to begin. Now with a time-interval of one month the mass balance 
2 
model needs approximately 102 C.P.U. seconds (for a 4x8 km area) and 
approximately 287 C.P.U. seconds (for a lOxlO km2 area) to simulate the 
1 
mass balance for one year. Given these relatively large amounts of 
computer time needed to run the simulation model, reducing the time-
interval further would prevent the use of the computer in terms of the 
I ' 
cost and ava}ability of computer time. 
The use of monthly time-intervals for model input and mass 
balance computations also enables the seasonal variation of climatic 
elements to be taken into account (as monthly means of the basic 
climatic elements are usually readily available). Furthermore, by 
using monthly time-intervals the mass balance model keeps in line with 
the way in which field measurements of glacier mass balance are usually 
made. Thus the simulation can be started at the conventional break in 
summer/winter balance (i.e. around September/October in the northern 
hemisphere). The results of mass balance simulation can be obtained at 
monthly intervals or after any given number of months. 
1The computations being carried out on the N.U.M.A.C. 
(Northumbrian Universities Multiple Access Computers) linked system 
consisting of IBM 370/168 and 370/67; and, with minor modifications, 
on the IBM 370/148 system at Universiti Sains Malaysia. 
) 
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4.4.2 Representation of Spac~ 
The analysis of spatial relationships forms an important 
aspect of the present study. A square-grid technique was used to 
divide the study area into a large number of grid squares. The study 
area can, thus, be considered as consisting of a matrix of squares 
which provide a convenient system for storing, processing and 
retrieving mass balance information. The various model inputs of climate 
and topography need to ~e defined for each grid-intersection. All 
model computations are also carried out with reference to the grid 
intersections, thus providing an objective basis for the examination 
of spatial variations in glacier mass balance. 
The grid square technique has been widely used for the storing 
and analysis of physiographic, climatic and hydrologic data, (e.g. 
Solomon et al., 1968; Peptland and Cuthbert, 1971; Obedkoff, 1976), 
while Young (1976) has shown its suitability for glacier mass balance 
studies. The technique has been popularised for use in the spatial 
0 • 
extrapolation of hydromet~rolog1cal data because of its adaptability 
f . 1. or computer operat1ons. It further facilitates the tabulation of 
results and makes mapping procedures fast and simple. 
A grid interval of lOOm is used in the mass balance model. 
It is important to discuss the choice of this interval rather than any 
other. Ideally it is desirable, given the great variability of snow 
1computer languages such as FORTRAN readily provide for the 
representation of grid locations in the form of two-dimensional arrays. 
I, 
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and ice cover in mountainous regions, to have as fine a grid spacing as 
possible. However, a number of factors restrict the choice of grid 
interval. 
Firstly, the quality of the topographic maps determinesthe 
scale at which altitudes (which form the basic model input variable) 
can be read with confidence. Secondly, there is the question of 
computer memory capacity and time allocation. For a study area of, 
say 10 km2 , a grid inte,rval of 100m will involve mass balance compu-
tations at 10,000 grid intersections. With the use of many matrices 
necessary for defining the topographic and climatic inputs, the action 
of various accumulation and ablation processes, and to keep account 
of net mass balance changes at each grid intersection; the storage 
space needed approaches the maximum limit that can be conveniently 
sought from most computer systems. Reducing the size of grid interval, 
leading to an increase in the number of grid intersections and program 
running times, would make mass balance computations unmanageable given 
the limitations of computer time and storage capacity. 
Thus the choice of a 100 m grid interval is based more on 
convenience for computation rather than any other criterion. However, 
bearing in mind the size of glaciers being considered and the meso-
scale characteristics of the local glacier balance processes (sec. 3.5), 
it is believed that a grid interval of 100 m is suitable for the 
present study. Furthermore, Young (1974b, 1976) in relating mass 
balance measurements to terrain characteristics notes that many 
characteristics of the glacier surface are adequately described by 
using a grid spacing of 100 m. It would also appear that the use of 
a 100 m grid interval is in keeping with field measurement of mass 
balance, since ¢strem and Stanley (1969, p.20) recommend that a 
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2 density of 100 points per km ~s desirable to measure snow depth 
variability. 
Based on the above considerations regarding the nature of 
model variables, relationships and scales, it is seen that simulation 
models can be of several different types (Fig. 4.4). The particular 
type of simulation model developed will depend on the goal and purpose 
of the simulation study. The classificatory characteristics of the 
' 
mass balance simulation model developed in the present study are 
defined by a broad line in Fig. 4.4. 
4.5 Formulation of the Computer !r_?_aram 
Having developed the model of the real system, the next step 
is to construct a flow diagram showing the structure of the model 
interrelations. A simplified flow chart of the mass balance model, 
representing the various components and processes to be simulated, is 
presented in Fig. 4.2. This flow chart, outlining the logical sequence 
of the major events in the simulation study, facilitates the rather· 
time-consuming task of writing the computer program. 
Computer prograrnn1ing involves a number of considerations, 
the foremost of which is the choice of computer language. There are 
a wide variety of computer languages to choose from, These are 
conventionally divided into general purpose languages such as FORTRAN, 
ALGOL or COBOL; and special purpose simulation languages such as SPSS, 
SIMSCRIPT or GASP. The latter have been developed to simplify and 
facilitate the task of writing simulation programs for certain types of 
systems. These simulation languages differ considerably in the extent 
) 
to which they can be applied to particular types of .systems and the 
,3 
) 
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extent to which they ease progrannning difficulties. For a detailed 
comparison of various languages see, for example, Tocher (1965) or 
Teichroew and Lubin (1966), 
The decision as to which progrannning language to use will 
depend on several factors of which knowledge and availability are the 
most critical. Most simulation programs are still written in FORTRAN, 
being the best known and readily available general-purpose language. 
' Given this wide availability, flexibility to deal with simulation 
modelling, and the author's familiarity with the language, it was 
decided to adopt FORTRAN IV for programming the mass balance model. 
4.5.1 Glacier Mass Balance Program (GSPl) Description 
Program GSPl comprises a main routine and 18 subroutines. 
Table 4.1 contains the names and functions of the subroutines. 
The program listing 1s contained in Appendix A. 
Main routine. The main routine (Fig. 4,5) provides overall 
control of the computational procedures simulating mass balance. It 
is used to: 
initialise the system. 
define and provide storage space for the 
various arrays containing the mass balance 
variables. 
read input topography and.mass balance 
cover data. 
call up appropriate subroutines modelling 
the processes of snow and ice accumulation, 
ablation and flow. 
I 
') 
compute necessary densification and net mass 
balance changes for snow, firn and ice. 
provide output data, revealing mass balance 
distribution over the altitude matrix, in a 
suitable form for input to line-printer 
mapping programs. 
Computing notes: (refer to program listing in Appendix A). 
(i) Size of matrix 
' 
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GSPl has been written to compute the mass balance variations 
over a 40x80 rectangular matrix (with 100m grid spacing). A study 
area of any other size can be modelled by changing the storage space 
allocated for the various arrays (as defined in the COMMON and 
DIMENSION statements). 
(ii) List of arrays 
The various arrays used in the main routine are defined in 
Table 4.2. 
(iii) Period of simulation 
The length of time simulated in any one computer run depends 
on the stages at which mass balance output is required and the amount 
of computer time available for running a program at any one time. As 
noted in sec. 4.4.1, GSPl requires about 102 C.P.U. seconds to 
2 
simulate mass balance for 1 year (for a 4x8 km area). It was found 
convenient to simulate in 5-year periods, (using approximately 510 
C.P.U. seconds per run), to trace the development of mass balance 
simulation. 
) 
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(iv) Input/Output characteristics (Fig. 4.6) 
The various logical input/output units utilised in GSPl 
are listed below. The output units (3, 6 and 7), denoted as optional, 
are particularly useful in the development stages of the program. 
1 Topographical input data. This is obtained 
by use of the terrain analysis program -
OMY8. This program and the nature of the 
topographic input are discussed in chap.V. 
To save on computer memory space, the input 
is read in an unformatted form by use of 
the program TPGINPl (listed in Appendix Bl). 
The unformatted version constituted a saving 
of 67-71% on disk storage compared w!tb. the 
formatted version. 
5 Period of simulation. This input unit is 
used to read in the month in which the 
simulation is to be started (Al) and finished 
(A2) in a particular computer run. 
2 Initial mass balance cover. This is used to 
specify the state of the accumulation cover 
at the start of the simulation. The water 
equivalent and depths of snow, firn and ice 
and the total water equivalent and depth are 
read in for each grid intersection, together 
with the calendar month (X) to which these 
values refer. The data are unformatted by 
use of program SIMINPl (listed in Appendix B2). 
3 Accumulation state map (optional). A simple 
line-printer map can be drawn at the end of 
each monthts simulation to show the points at 
which there is snow, firn, ice or no accumulation. 
6 Simulation progress checks (optional). A check 
on the progress of the simulation program can 
be kept by printing out messages after the 
completion of each major task in the program. 
7 Output of mass balance values at specified 
intervals (optional). This unit is used to 
print out values of mass balance variables 
(above a critical thickness of water equiva-
lent) at specified intervals (in any combina-
tion of months). Such output is in a form 
suitable to draw line-printer maps showing the 
variation of mass balance cover at regular 
intervals (e.g. every five years). 
J 
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4 Mass balance cover at the end of the simu-
lation period. The unformatted values of 
the water equivalent and depths of snow, firn 
and ice, total water equivalent and depth at 
each grid intersection are printed to specify 
the state of the accumulation cover at the 
end of the simulation run. If the simulation 
is to be continued further these values would 
form the initial mass balance cover, being the 
input through the I/O unit numbered 2. 
(v) Display of simulation results 
Simulation studies usually produce a great volume of 
data to show the variation of the modelled components in time and 
space. The display of this information, thus, becomes an important 
consideration. The results of GSPl are displayed by using a series 
of variable density line-printer maps (discussed in chap. V). 
Simulation output data to print these maps can be obtained from GSPl 
(using l/0 unit 7) at the end of any month's simulation, thus 
permitting the analysis of mass balance results before proceeding 
with the simulation. 
(vi) Action of program subroutines 
The nature of the various mass balance subroutines (listed 
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in Table 4.1), is discussed in the relevant sections dealing with the 
modelling of glacier mass balance components in the succeeding chapters. 
Having written the computer program the relevant input data, 
regarding the initial state of the system,~re provided and the first 
simulation run can be made (chap. IX). If the program runs successfully 
the output can be analysed and one of the most important and difficuh 
stages of the simulation process is reached, that of model validation. 
J 
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4. 6 Model Validation and SimulaUon Experiments 
'Validation is a measure of the extent to which the model satisfies 
its design objectives. It usually involves comparing simulated model 
output with corresponding known and reliable field data about the real 
system. Such calibration and testing of the model with a comprehensive 
range of environmental data is necessary for its use in prediction. If 
the simulated output does not compare very closely with the real world 
data, then, those parts pf the model which may be causing the discre-
pancies are modified and the program re-run. This process of trial-
and-error is continued until the simulation model is judged to be an 
adequate representation of the real system. Though this validation 
procedure might appear to be straight-forward enough, for most physical 
systems it can be a very difficult one, involving practical, theoretical, 
statistical and philosophical complexities (Naylor, et al. 1966). 
A major problem regarding the study of natural systems is 
that suitable data, against which the simulated results can be compared, 
may simply not be available. Given the problems associated with the 
choice, observation and measurement of relevant variables describing 
the behaviour of natural systems, the data gathered about such systems 
tends to be sparse, unreliable and unrepresentative of the system 
variability. There is the additional problem of equifinality, in that 
any given form in the real world may result from a range of possible 
causes. 
Furthermore, the lack of quantitative understanding of 
natural systems leads to the use of inevitable simplifications, through 
the inclusion of experimental, empirical and ad hoc assumptions, to 
assist in defining the necessary system relationship-s (sec. 4.3.3) 
~ '; 
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making objective comparison of model output with real-world data even 
more difficult. The resulting interpretation problems of simulation 
models are discussed by Howard (1971) with reference to the modelling 
of geologic and geomorphic systems. He points to the need to exercise 
extreme caution in the interpretation of such simulation models since, 
in the case of modelling most natural systems, the validation procedure 
has to rely on a rather qualitative comparison of simulated and real-
world data, to see if the results "look right" (Harbaugh and Bonham -
Carter, 1970 p.34). 
In view of the above counnents the validation procedures for 
the mass balance model are rather limited. Lack of quantitative data 
about certain aspects of the system, such as the variability of climatic 
elements, drifting, avalanching, densification rates, and parts of the 
energy balance computations, means that the model must be calibrated 
with whatever observed data available for net mass balance variations. 
Model validation, has thus been restricted to the following: 
(i) Individual calibration of those model routines for which 
some form of quantitative data are available (e.g. topographic parameters, 
radiation balance). 
(ii) Comparison of the snow cover distribution for an area in 
north-west Iceland, as mapped from aerial photographs (July 1959), with 
that simulated by the mass balance model using real climatic data for 
that particular year. 
A similar comparison of the major snowpatches found in the 
area at the end of the ablation season, as determined by field mapping 
(August 1978) with the simulated snow cover for the same period, using 
i) 
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the appropriate climatic input for that year. 
(iii) Simulation of local glacier generation sites for a marginally 
glacierised region, in north-central Iceland, using suitable climatic 
input values thought to be representative of the climate prevailing 
during the last period of glacier development. The simulated sites 
are compared with the actual glacier distribution in the region as 
determined from aerial photographs and field observations. 
The above validation procedures, though far from satisfactory, 
do provide some general indication of the validity and usefulness of the 
mass balance model. The areas in which the simulation model is tested 
are defined in sec. 4.7, while the mass balance simulations for the 
validation analysis are described in chap. IX. 
The final stage in the simulation study, after the computer 
model has been shown to be valid, is to design and run simulation experi-
ments to observe the behaviour of the system under different inputs or 
changed parameters. With regard to the mass balance - climate relations, 
obviously an infinite number of combinations with various climatic 
parameters could be tried to see their effect on mass balance. Since one 
of the main concerns of glacier-climate studies (chap. II) has been 
to determine the effect of changes in temperature and precipitation on 
glacier balance, a number of simulation runs were made with the mass 
balance model using different combinations of these climatic parameters 
-e.g. changes in annual temperature, 'summer' temperature, 'winter' 
temperature and precipitation. The results of these simulation experi~ 
menta are discussed in chap. IX. 
0 
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4.7 Sample Areas for Hodel Application 
The mass balance model was developed and tested with 
reference to two sample areas in northern Iceland, viz. Nupur and 
Thvera, located in the Vestfir~ir and Trollaskagi districts respectively 
(described in sees. 3.2.1 and 3.2.2). 
The Nupur area lies in the western part of Vestfirchr 
on the northern side of ~yrafj onlur (Fig. !1, 7). A plot of 8 km2 was 
selected to examine the mass balance variations (Fig. 4.8), This area 
forms part of the 'alpine topography' found in western Vestfir~ir (Fig. 
3.5) and is characterised by the development of several steep-sided 
valleys (e.g. Nupsdalur, Tungudalur, Hgar<i"ardalur and Galtardalur) 
and numerous well defined cirques dissecting a gently undulating 
plateaux (Figs. 3.1, 3.2 and 3.3). The cirque floors lie at an average 
of about 360 metr~s above sea level, while the plateau remnants compose , 
for the most part, extensive blockfields (Fig. 3.4) at altitudes of 
600 - 800 met:re;s. 
Such a deeply dissected topography would be expected to exert 
a strong influence on mass balance variations. At present the snow and 
ice cover in this region is characterised by the development of local 
snowpatches (Figs. 3.6 and 3.7); however, the effect of any climatic 
deterioration resulting in local glacier generation can be examined 
through simulation experiments (chap. IX). 
In order to reduce the number of computations necessary in the 
r 
model and permit a quick potrayal of the action of various mass balance 
subroutines, the effects of the latter are examined with reference to 
the central half of the Nupur area (Fig. 4.8). This -8x4 km2 area is 
referred to as the 'test matrix' .. 
The Thvera area lies in the central part of Trollaskagi 
about 40 kn1 north-west of Akureyri (Fig. 3.9). The mass balance 
model is applied to a plot, 10 ~n2 in area, characterized by highly 
rugged and irregular terrain (Fig. 4.9). In contrast to the Nupur 
area, altitudes are higher (the mountain peaks being over 1200 m) and 
the plateau remnants are very restricted. Furthermore the region is 
marginally glacierised with the development of numerous local glaciers. 
' In addition to the suitability of their topography for 
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developing the mass balance model, the choice of these two sample areas 
was influenced by three other considerations: 
(i) the availability of good photograrnrnetric maps at a scale of 
1:50,000 with a contour interval of 20 m prepared by the American Army 
Service in 1949 (Figs. 4.8 and 4.9). 
(ii) aerial photographs at a scale of about 1:36,000 taken by the 
U.S.A.F. during 1957- 1960 (Figs. 4.10 and 4.11). 
(iii) field experience gained as a result of vis.iu· to the 
Nupur area in 1976 and 1978 (with members of the Durham University 
Vestfir~ir Project) and to Trollaskagi J.n 1978 (with members of the 
Science Institute at the University of Iceland), 
~\ 
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TABLE 4.1 
GSPl List of Subroutines and Functions 
Subroutine Function 
MTEMP 
MSNOW 
MWIND 
WEXP } 
TPSW 
MDAVAL} 
PLAV 
MDRIFT } 
DEP 
DRWIND 
MAVAL } 
AVDIR 
MELTPR 
SWRAD ) GLSR 
SHADE (optional) 
LWRD 
TBHT 
FLOW (optional) 
For each grid intersection of the study 
area matrix the various subroutines 
determine: 
monthly mean temperature 
monthly mean snow cover 
monthly mean wind speed 
'exposure' as due to surrounding topography 
(for use in wind speed calculations). 
areas (and amounts) from which snow 
avalanching on to potential drifting 
situations will take place. 
monthly redistribution of snow cover due 
to snow drifting, 
monthly redistribution of snow cover due 
to snow avalanching. 
potential 'melt' periods. 
monthly short-wave radiation balance (effect 
of shading due to surrounding topography can 
also be taken into account). 
monthly long-wave radiation balance. 
monthly heat exchange due to turbulent 
heat transfer (both sensible and latent heat). 
whether a critical thickness of ice has 
accumulated for flow to take place. 
:) 
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TABLE 4.2 
GSPl: List of Arrays Used in the Main Routine 
Topography 
Climate 
Melt Periods 
Energy Balance 
State of 
Accumulation Cover 
Flow 
Altitude (ALT) 
Aspect (ASP) 
Slope (SLOP) 
Profile convexity (PROFC) 
Plan convexity (PLANC) 
Init.ial snow cover (SNOW) 
Initial snow cover after drifting (SNOWl) 
Initial snow cover after avalanching (SNOW2) 
Temperature (TEMP) 
Wind (WIND) (WRED) 
Number of hours per day (DMHRS) 
Mean Temperature (TEMPML) 
Number of days (DAYSML) 
Global radiation (GRBL) 
Longwave radiation (XLWR) 
Total radiation balance (TRBL) 
Sensible heat (SBHr) 
Latent heat (TillT) 
Net energy balance (ENGBL) 
Density of snow (DSNOW) 
Density of firn (DFIRN) 
Density of ice (DICE) 
Water equivalent of snow (WSNOW) 
Water equivalent of firn (WFIRN) 
Water equivalent of ice (WICE) 
Total water equivalent (TWEQ) 
Total depth (TDEPTH) 
Thickness of ice (THIC) 
Critical thickness of flow (CRIT) 
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FIGURE 4. 10 
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CHAPTER V 
TOPOGRAPHIC INPUT 
The preoccupation of glaciologists and glacial geomorphologists 
with the question of the link between glaciers and climate (chap. II) 
has rather overshadowed the critical role of topography for local glacier 
generation. The importance of the latter is evident from studies under-
taken to determine the factors affecting local glacier distribution 
(sec. 3.1). Furthermore the modification of local climate by topography 
(chap. VI) and the close control of snow accumulation and ablation 
processes (chaps. VII and VIII) by topographic parameters illustrates 
the importance of both direct and indirect effects of local topography 
on glacier balance. An accurate assessment of local topography is, 
thus, essential to the success of the modelling approach adopted in 
this study. This chapter is concerned with a discussion of the manner 
in which the various topographic parameters have been derived. 
5.1 Choice of Topographic Parameters 
Discussion relating to the nature of the topographic 
influence on glacier balance and local climate (chaps. III, VI, VII 
and VIII) reveab that surface altitude, gradient, slope aspect, and 
a measure of local convexity are the significant topographic parameters 
that warrant consideration in a model of glacier mass balance. In a 
wider context, such topographic measures are commonly used in general 
1 geomorphometry as a basis for the quantitative comparison of landscapes. 
1being the "measurement and analysis of those characteristics 
of landforms which are applicable to any continuous rough surface" 
(Evans, 1972 p.l8). 
) 
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For example, Evans (1972), following a review of previous approaches 
to general geomorphometry, suggests that the basicparameters of 
general geomorphometry can be defined in terms of altitude and its 
derivative~. These are slope gradient and aspect (being the first verti-
cal and horizorital derivatives of the altitude surface), profile 
(downslope) and plan (cross-slope) convexity (the second vertical and 
horizontal derivative~). 
Gradient is commonly defined as the angle (varying between 
0 and 90 degrees) between the horizontal and a plane tangent to the 
surface at any given point. Combined with aspect, expressed as degrees 
(0-360) measured clockwise from north, it defines the slope at a point. 
Surface curvature, denoted by the term 'convexity' (concavity being 
treated as a negative value of convexity), is divided into profile and 
plan convexity. Profile convexity refers to the rate of change of 
gradient while plan convexity is the rate of change of aspect (i.e. the 
degree of contour curvature). Both components of convexity are defined 
in degrees per 100 m. 
The usefulness of these variables in defining-particular 
elements of the landscape of interest to glacier mass balance computa-
tion is illustrated in sec. 5.6, while, their general importance in 
geomorphology and related fields has been discussed by Evans (1979). 
Given the:W widespread application and relevance in controlling glacier 
mass balance processes, these five variables have been chosen to 
provide the topographic input for the mass balance model. 
Following the selection of the relevant topographic para-
meters, the next step is to devise a suitable terrain analysis program 
to generate values for these parameters,at a suitable scale, for each 
) 
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sample point in the study area. Various terrain analysis programs have 
been developed which define suitable topographic parameters from an 
input of a regularly spaced array of altitudes i.e. an 'altitude matrix' 
(e.g. Young, 1973; Grender 1976). The system used in this study was 
developed at Durham University by Evans and his collaborators. It is 
the outcome of a research project designed to "implement and evaluate 
techniques for the statistical characterization of altitude matrices by 
computer" and is described in a report entitled "An Integrated System 
' of Terrain Analysis and Slope Mapping'' (Evans, 1979). 
5.2 Construction of Altitude Matrix 
As noted in sec, 4.4.2 the most suitable method of repre-
senting space for computer manipulation is the square grid technique. 
The terrain analysis program, thus, has been designed to accept a 
regular array of altitudes as input data. Such altitude matrices can 
e. be directly generated from aerial photos in ste~oplotters or indirectly 
from digitised contours (using an interpolation program). In the 
absence of such facilities, they can be constructed manually by visual 
interpolation from accurate contour maps. 
The altitude matrices for the two Icelandic sample areas of 
interest in glacier mass balance simulation, viz. Nupur (Fig. 4.8) and 
Thvera (Fig. 4.9), were generated manually by laying a square grid with 
an interval of 100m over 1:50,000 photogrammetric contour maps. 
Altitudes were then interpolated at all grid intersections. For the 
Nupur area, the matrix consists of 82 rows and 82 columns (resulting 
in topographic parameters being generated over 80x80 points since the 
peripheral rows and columns are not considered). The slightly larger 
Thvera area has a matrix size of 102x102 points. 
) 
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The size of grid mesh used forms an important consideration 
for the calculation of topographic parameters (sec. 5.5). While the 
terrain analysis program can accept altitude matrices of any grid mesh, 
a grid interval of 100 m was used for the sample matrices for reasons 
of computer manipulation and map accuracy (sec. 4.4.2). The method of 
manual interpolation is subject to errors of interpolation by the 
operator and those associated with the construction of the original map. 
In the case of the sample matrices, given the close parallel pattern 
' 
of contours, it is thought that interpolation errors are within + 5 m 
(for unglacierised regions). 
5.2.1. Ice Thickness Approximations in Glacierised Areas 
In the Thvera area the interpolation of altitudes over the 
glacierised areas (Fig. 4.11) presented a problem since the topography 
beneath the ice cover had to be estimated. In the absence of any ice 
thickness data for glaciers in this region, a rough approximation of 
glacier thickness was obtained from relationships developed between 
glacier area and glacier thickness in areas of mountain glacierisation. 
For example, Onnnanney (1969, p.46), in compiling the inventory of 
glaciers in Axel Heiberg Islandpresented the results of area and mean 
glacier depth for a number of different glacier types. The expected 
2 
mean depths for small mountain glaciers are 15 m (for a glacier 0-1 km 
in area); 20 m (1-2 km2); 35 m (2-5 km2) and 50 m (5-20 km2). 
Similar relationships have also been developed from the Swiss 
Alps and recorded in the inventory by Muller et al. (1976, p.ll). They 
2 indi_mte that for glaciers between 0•5 and 23·0 km 1n area (A) their 
mean depth (H in metres) can be estimated from the equation: 
H = 5•2 + 15•4 lA. Since the glaciers in the Thvera area vary from 
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about 0•2 - 2·8 Ian2 in area, these relationships would indicate their 
mean depths to be between 11 - 31 m. Based on these approximations, 
together with a study of the topography in the unglacierised cirques, 
the contours over the glacierised areas were smoothly displaced by 
between 0~5 to 2 contour spacings to account for the ice thickness. 
It was intended to carry out some spot determinations of 
ice thickness on these glaciers to assess the accuracy of these 
estimated values. For this purpose cooperation was sought from the 
Icelandic glaciologist, Helgi Bjornsson (from the Science Institute, 
University of Iceland), who wished to test the recently designed 
radio echo-sounding equipment for temperate glaciers. The Thvera 
area was visited in August 1978 but, due to problems of accessibility 
and transportation of the equipment over the rough terrain, it was 
not possible to carry out thickness determinations on any of the 
glaciers in the Thvera area. The nearest readily accessible glacier 
. ; ., 
on which radio echo-sounding could be carried out was GlJufurarjokull, 
about 2 km from the south-eastern corner of the Thvera matrix (Figs. 
3.9, 4.11 and 5.1). 
Glj-ufur.irj okull, being more extensive with a well defined 
snout projecting into the valley(Gljufura) below the glacier, is not 
directly comparable to the more confined glaciers in the Thvera matrix. 
However thickness determinations on GlujufurarjoKull would give some 
idea as to the upper limit of ice thickness in this reg1on. The radio 
echo equipment used operates at 2 to 10 MHz and has a range of 30 to 
400 m with a range resolution of 8 m. The details of the equipment 
are provided by Sverrisson et al, (1980), On Glj.ufur~rjokull spot 
) 
thickness determinations were possible on the relatively uncrevassed 
; ~) 
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lower portion of the glacier (Figs 5. 2 and 5. 3). The equipment functioned 
well with the easy identification of pulses reflected from the bedrock. 
The ice depths were calculated to vary from about 30 m near the glacier 
margins to a maximum of 100 to 115 m in the central part; the mean depth 
being rather greater than that assumed for the glaciers in the Thvera 
matrix. Given the more confined nature of the latter, the use of the 
above ad hoc corrections for mean glacier thickness can be regarded as 
being approximately correct. 
5.3 Description and Application of the Terrain Analysis Program 
In this section the terrain analysis system of programs 
(Young, 1978; Evans, 1979) are described. These programs, in addition 
to calculating values of the selected topographic parameters at the 
grid intersections of the altitude matrix, determine summary s.tatistical 
characteristics for these parameters by using SPSS routines. The results 
of these programs are displayed in a variety of ways, viz. histograms, 
scatter diagrams, line printer density maps and graph -plotter maps. 
The programs are written in FORTRAN and have been run under the MTS 
system on the NUMAC IBM 370/168 computer. As an example of their use, 
the programs are applied to the Nupur area (described in sec. 4.7) to 
derive the topographic input parameters for mass balance computations. 
5.3.1 Calculation of Topographic Parameters 
The main terrain analysis progran1 (OMY8) utilises altitude 
matrix data to derive descriptive characteristics for slope gradient and 
aspect, profile and plan convexity, in addition to calculated altitude, 
for the central point of each 3x3 submatrix consisting of adjacent grid 
points (Fig. 5.4). This is done by fitting a quadratic surface using 
the least squares method and solving for its first and second horizontal 
J 
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and vertical deriva~es at the central point. The exact mathematical 
·,v 
procedures used for the calc.ulat:i.on of these derivat;.es are contained 
in the report by Young (1978). 
The altitude matrix is arranged so that the altitudes are 
equally spaced in the N-S and E-W directions, the first row being the 
northern most and is read from west to east. Other input specifications 
for the terrain analysis program are the distance in metres between 
grid points, the number'of columns in the data matrix and the scaling 
factor to convert the altitudes to metres. An example of the input for 
program OMY8 is given in Appendix.Cl. 
In order to inte~ret the results of the terrain analysis 
program it is necessary to construct suitable maps depicting the 
spatial variation of the topographical parameters. For this purpose 
variable density line printer maps were found to be the most convenient. 
In these, each data point in the matrix is represented by one printer 
position and its value is indicated by the density of printing (variable 
density classes being formed by overprinting characters). The mapping 
programs, OYSM and OYSMA, are described by Young (1978). OYSM produces 
a 6-density map while OYSMA, used to map aspect data, produces an 
8-density map. 
The input data values for the mapping programs need to be 
in the form: row number, column number and value. The output of topo-
graphic parameters from the terrain analysis program is in this form, 
enabling its direct input into the mapping programs. Other input 
requirements for the mapping programs are listed with reference to the 
OYSM program in Appendix C2. In addition to the line printer programs 
a slope plotting program (OMYL) is available for producing a map showing 
the direction and magnitude of the gradient at each grid point. 
5.3.2 Application in the Nupur Area 
The variation of altitude, gradient, aspect, profile and 
plan convexity in the Nupur area is depicted by Figs. 5.5 - 5.9 
respectively (constructed by using the line printer programs, OYSM 
121 
and OYSMA, with input of topographic values generated by the terrain 
analysis program) . It should be noted that due to a difference in the 
size of the line printer characters horizontally (giving 10 columns 
per inch) and vertically (8 rows per inch), the square Nupur matrix 
has been altered to a rectangular one in these line printer maps. 
This problem of vertical elongation can be resolved by using a square 
line printer (not available at Durham). 'Alternatively, the SYMAP 
mapping package can be used to produce a square map by interpolating 
extra columns resulting in a much larger map. The highly photo-re-
duced maps ( originals are 4. 7 x these)of the topographic characteristics 
in the Nupur area, produced by SYMAP are presented in Figs. 5.10 - 5.14 
with the key to the symbols used in Fig. 5.15. 
While the SYMAP maps have the advantage of reproducing a 
square matrix, the interpolation of extra characters around each grid 
point leads to undesirable effects. Firstly, for a large-sized matrix, 
several separate computer pages of output are required in producing 
one map. In the case of the Nupur area, the matrix had to be divided 
into 9 square plots (or 3 vertical strips) and separate maps produced 
for each plot before being combined and photo-reduced. This rather 
cumbersome process defeats the object of producing a rapid output of 
maps in a convenient form for analysing the results from the terrain 
analysis program. Furthermore, interpretation of the topographic 
) 
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parameter value at a particular grid point is made difficult by having 
several interpolated points for each grid intersection location. For 
these reasons the single-sheet maps produced by the OYSM and OYSMA 
programs, in which each grid point is represented by a single printed 
character, are preferred both for their speed of production and 
convenience of interpretation. Their close similarity with the SYMAP 
maps further reveals that the portrayal of the topographic characteristics 
is only slightly affected by their departure from a square matrix. 
To permit comparison of the line printer maps with the 
original contour map of the Nupur area, the latter has been suitably 
redrawn (using the ~PCP package program1) with appropriate vertical 
and horizontal scales to match the line printer maps (Fig. 5.16)~ By 
superimposing this contour map (with locations of grid intersections 
marked)on to the line printer maps, the value of any topographic 
characteristic at a particular grid point (or an impression of its 
variability over the whole area) can be easily obtained. (Note: 
these comparisons are facilitated by use of the transparent overlay 
for the Nupur study area, enclosed in the pocket bound in the back of 
this thesis). 
It can be seen that the calculated altitude map (Fig. 5,5) 
bears a close resemblance to the contour map of the Nupur matrix 
(Fig. 5.1.6), The gradient map (Fig. 5.6} highlights the steep slopes 
forming the cirque and valley walls. It also clearly identifies the 
1contour maps drawn by Calcomp's GPCP (General Purpose 
Contouring Program) as implemented on NUMAC IBM 370/168 comuter running 
under MTS. 
flat summits of the plateau remnants. The aspect map (Fig. 5.7) 
indicates northerly aspects by the darkest shading and southerly 
aspects with the lightest, while easterly and westerly directions 
have printer characters different in form but similar in density. 
The contrasting aspects of slopes 1n the cirques are well portrayed 
in this map. 
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In order to depict the variation of both slope gradient and 
aspect in one map, the slope plotting progrant (OMYL) is used to 
produce a map showing the direction and magnitude of gradient at each 
grid point (Fig. 5.17). This is done by using the graph plotter to 
produce 'arrow plots'. The length of the arrow depends on the 
magnitude of the gradient (in 5 classes}, while its direction 
represents the slope aspect·. In Fig. 5,17 the sites of the cirques 
and plateau summits are clearly depicted, 
The profile convexity map (Fig. 5,8} is useful in indicating 
the main convex ridge-lines present in the area. Interpretation of 
the plan convexity map (Fig. 5, 9) is rather difficult, however,, 
consideration of the first class (<- 40.0), indicated by blank areas, 
reveals the pattern of the major conca~ities formed by valley and 
cirque floors. 
5.3.3 Summary Statistics 
In addition to the individual values of the topographic 
characteristics at each grid intersection, the terrain analysis program 
provides numerical summary statistics for the whole altitude matrix. 
Those for the Nupur matrix are presented in Table 5 .1. Moment 
statistics, viz, mean, standard deviation, skewness and kurtosis (the 
latter modified so that the Gaussian expectation is zero), are 
) 
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calculated for altitude, gradient, profile and plan convexity. Since 
moment statistics are not appropriate for aspect, the central tendency 
for the latter is measured by the direction of the resultant vector and 
the strength of this tendency is given by the vector strength. It 
should also be noted that zero gradient points are given special 
consideration since the values of the characteristics for these points 
are incomplete (aspect being indeterminate). Two separate sunnnary tables 
are thus constructed, the first excluding and the second including the 
zero points. 
From Table 5.1, it can be seen that the glaciated Nupur area 
is characterised by a high variability of altitudes (with a small 
negative skewness reflecting the extensive areas of flat summit plateaus 
and high cirque floors); high mean and variability of gradient, positive 
skewness of profile convexity and an excess of strong positive plan 
convexities. For a more detailed consideration of these sunmary 
statistics the reader is referred to the discussion in chapter III 
of the report describing the terrain analysis system (Evans, 1979). 
5.4 Test of Accuracy 
In view of the importance attached to the role of topography 
in glacier mass balance determinations, it is desirable to have a check 
on the accuracy of the topographic·parameters calculated by the terrain 
analysis program. A limited test for calculated altitude, maximum 
gradient and slope aspect was carried out by comparing the calculated 
topographic values with those determined manually from the contour map. 
75 points were randomly selected from the Thvera matrix for this purpose. 
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Figs. 5.18 - 5.20 illustrate the comparison between the 
calculated and measured values. It can be seen that in all three 
cases there is close correspondence between the two sets of topographic 
values. This is further confirmed by calculating least squares 
regressions between calculated (C) and measured (M) values (Table 5.2). 
In each case, the regression coefficient is within 1.5 standard errors 
of its expected value of 1.0, and the standard error of the estimate 
,, 
J is low in relation to the range of values encountered. 
5.5 Effect of Changing Grid Mesh 
While, for reasons outlined in sec. 4.4.2, the topographic 
parameters have been calculated using a grid mesh of 100 m, it should 
be emphasised that certain climatological and glaciological processes 
may operate at other spatial scales. In view of this, it is interesting 
to reflect on the effect of a change in grid resolution on the calcula-
tion of the topographic parameters. 
One way in which this can be considered is to obtain results 
from the terrain analysis program at increasingly coarser grid intervals. 
This has been done for the central Nupur 'test' matrix (Fig. 5.21) at 
grid intervals of 100, 200 and 300 m. The number of points for which 
) 
topographic parameters can be determined is reduced as the grid mesh is 
enlarged. Thus, for the 42x82 'test matrix', topographic parameters are 
yielded for 3200 points with a 100 m grid interval; 2964 points with 
200 m and 2700 points with 300 m. The resulting effects of grid mesh on 
the topographic characteristics are presented in Figs. 5.22 - 5.27 and 
Table 5.3. 
··~ 
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Altitude statistics, as seen from Table 5.3 and Fig. 5.22, 
are the least affected by grid mesh since they are not based on deri-
vatives. Maximum gradient shows a progressive decrease 1n mean gradient 
and standard deviation with increasing grid Inesh. Fig. 5.23 reveals 
the increasing generalisation of gradient with the use of 200 and 300 m 
grid mesh. The narrow belts of steep gradient (>36°), formed by the 
slopes encompassing the cirques, at the 100 m scale are replaced by 
broader belts of gentler gradients (24-30°) at the 300m scale. Apart 
' from this the basic spatial pattern is retained at all three scales. 
The main effect of increasing grid mesh for the aspect of 
maximum slope is the evening out of local variations, resulting in a 
more simplified portrayal of the aspect pattern (Fig. 5.24). This effect 
is seen more clearly in Fig. 5.25 in which all points with gradients 
less than 20 degrees have been excluded (importance of aspect being 
greater with steep slopes). At the 300m scale larger blocks of points 
with the same aspect are found than at the 100m scale. 
The convexity measures are most sensitive to changes in grid 
mesh, as can be seen from the sharp reduction in the extreme values of 
profile convexity, resulting in the ridge pattern being less clearly 
defined at the 300 m scale compared "/iih the 100 m scale (Fig. 5. 26) . 
The moment statistics (Table 5.3} illustrate the instability of the 
plan convexity measures,however,the maps (Fig. 5.27) reveal a more 
consistent impression, The latter are of particular interest from the 
point of identifying concavities formed by valley and cirque floors. 
It is seen that at the 100 m scale extreme values of plan convexity 
(< - 40.0 degrees per 100 m) shown as blank areas reveal the sites of 
all local concavities but at the 300 m scale, only the major valleys 
and cirque floors are picked out. 
) 
The effect of increasing grid mesh, then, results in the 
increasing generalisation of these topographic parameters. It would 
appear that, from the point of studying local variations in glacier 
balance, it is the 100m grid (or finer) which is the most relevant. 
The various effects of grid resolution and replicability of 
topographic parameters have been further considered by Evans (1979). 
5.6 Utilisation of TopograEhic Parameters 
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The topographic parruneters determined from the terrain 
analysis program are used at all stages of glacier mass balance 
determination; e.g. in the estimation of local climate by developing 
relationships between local topography and regional climate, in 
assessing the effects of snow accumulation processes such as drifting 
and avalanching, and in the determination of the spatial variation of 
energy balance components. The five basic topographic parameters are 
particularly useful in helping to identify certain topographic situa-
tions relevant for the computations of mass balance. As an example of 
these, the following elements of the landscape can be delimited in the 
Nupur area by selecting suitable limiting values of individual or 
combined topographic parameters. 
(i} Plateau areas 
The plateau sununits may act as temporary storage areas from 
which fallen snow can be drifted into the nearby concavities. Trials 
with different combinations of altitude and gradient values determined 
that the limits used in Fig. 5,28 best identify the location of these 
plateaus summit areas and major ridges (compare with the contour map of 
the Nupur area in Fig. 5,16}, 
) 
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(ii) Concavities 
The identification of suitable concavities in which snow 
and ice can accumulate is a particularly relevant exercise for glacier 
mass balancec-determination. A combination of negative profile and plan 
convexity values would appear to be most suitable for this purpose. 
Experiments with different limits of these measures resulted in Fig. 5.29 
which attempts to delimit concavities formed by cirques, trough-heads 
and other landscape fe~tures. A choice of different limits for the 
convexity measures picks out the lineations formed by the main valley 
and cirque floors found in the area (Fig. 5.30). 
It should be noted that the size of the concavity identified 
will depend on the size of grid interval used. As noted in sec. 5.5, 
the concavities located with a grid mesh of 100 m would seem to be the 
most appropriate for studying local glacier generation. However further 
experimentation, especially with grid intervals of less than 100 m, is 
necessary for the determination of the scale most suitable for the 
identification of concavities enabling sufficient snow and ice accumu-
lation to generate local glaciers. 
(iii) Ridges 
The identification of the main ridges present in the area 
may be useful because of their effects on certain climatological 
elements (e.g. modification of wind speeds}. A suitable limiting 
value of profile convexity is sufficient for portraying the main convex 
ridge-lines, formed by cirque and trough development, in the Nupur 
area (~ig. 5.31). 
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(iv) Areas of Steep Slopes 
Given the importance of snow avalanching for mountain glacier 
development, it is important to distinguish areas with steep slopes. 
Maps showing slopes above certain threshold gradients can be 
constructed for this purpose (Fig. 5.32). Along with gradient, consi-
deration of the aspect of such steep slopes is important for calculating 
the radiation balance and in the estimation of basic climatological 
elements. Given the im~ortance of aspect with increasing gradient, these 
two measures can be combined to highlight aspects above a particular 
gradient threshold (Fig. 5.33). 
It should be noted that in attempting to delimit landscape 
elements of glaciologic interest in any given region, the choice of 
the particular threshold limits adopted needs individual consideration, 
since the scale of these landscape features may vary from one region 
to another. 
! 
TABLE 5.1 
Summary Statistics for the Nupur Matrix 
NUPUR DATA 
NO. OF ROWS = 80 
STATISTICS FOR 6013 POINTS WITH NON ZERO GRADIENT 
EST. ALT. GRADIENT PROFC PLANC 
MEAN 440.313 21.875 0.391 
-0.673 
SDEV 191.938 12 .lf26 11.888 52.723 
SKEW 
-0.246 0.187 1.313 2.271 
KURT 
-0.961 
-0.969 9.033 60.669 
MAX 776.111 59.138 112.178 998.855 
MIN 10.000 0.477 -116.556 
-687.550 
VECTOR MEAN ASPECT ANGLE 94.616 
VECTOR STRENGTH (PROPORTION) 0.113 
GRrWIENT WEIGHTED VECTOR MEAN ASPECT ANGLE 79.042 
GRADIENT WEIGHTED VECTOR STRENGTH (PROPORTION) 0.044 
CORRELATION COEFFS 
EST. ALT GRADIENT PROFC 
EST. ALT. 1.000 0.025 0.467 
GRADIENT 0.025 1.000 -0.054 
PROFC 0.467 -0 .05L• 1.000 
PLANC 0.179 0.034 0.133 
STATISTICS INCLUDING ZERO GRADIENT POINTS 
EST ALT AND GRADIENT FOR ALL 6084 POINTS 
PROFC AND PLANC FOR 6083 NON ZERO AND PLAIN POINTS 
~IERE PLANC IS TAKEN AS 0.0 FOR PLAIN POINTS 
EST. ALT GRADIENT PROFC 
MEAN 451.627 21.620 0.386 
SDEV 193.028 12.574 11.819 
SKEW -0.252 0.178 1.322 
KURT -0.967 -0.967 9.175 
PLANC 
0.179 
0.034 
0.133 
1.000 
PLANC 
-0.666 
52.419 
2.284 
61.409 
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Aspect 
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S.E.E. 
S.E.B. 
S.D. 
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TABLE 5.2 
Relationshi between Manuall Measured (M) and 
Calculated C Values of Altitude, Gradient and 
Aspect at 75 Points in the Thvera Matrix 
Regression 2 r 
C = 1.003M - 2.373 0.9997 
C = 0.984M + 1.416 0.9840 
C = 1.009M- 1.630 0.9962 
S.E.E, 
3 .59m 
= coefficient of determination 
= standard error of the estimate of 
standard error of the regression 
= standard deviation of M. 
S,E.B. 
0.002 
0.015 
0,007 
c. 
coefficient 
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191m 
10.1° 
MESH 
lOOm 
200m 
300m 
lOOm 
200m 
300m 
lOOm 
200m 
300m 
lOOm 
200m 
300m 
TABLE 5,3 
The Effect of Grid Mesh on Statistics for the 
Nupur Test Matri~ 
MEAN 
471 
475 
482 
21.13 
19.36 
17.23 
0,635 
0.619 
0.634 
-0.023 
1.937 
0,551 
sn 
196.2 
192.6 
185.4 
Altitude 
SKEW 
-0.367 
-0.369 
-0.365 
Gradient 
12.13 
9,56 
7. 71 
0.178 
0.102 
0.114 
Profile Convexity 
11.21 
6.84 
1.556 
0.836 
0,503 
Plan Convexity 
52.7 
98.4 
37,6 
3.70 
45,46 
-3.48 
KURT 
-0,88 
-0.88 
-0,89 
0.97 
0,81 
0,58 
5,90 
0,98 
0,04 
80 
2322 
127 
MAX 
776 
786 
806 
55,32 
4L• .05 
38,82 
100,6 
38,8 
20.1 
999 
5042 
418 
MIN 
29 
34 
56 
132 
0,00 
0,00 
0.45 
-42.2 
-21.2 
-10.4 
-688 
-359 
-823 
-FIGURE 5.1 
Glj~furirj5kull at the Head of GljGfur~ 
(View to the South) 
FIGURE 5. 2 
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Setting up the Radio Echo- Sounding Equipment on Glj~furarjokull with 
Members of the Science Institute (University of Iceland). 
1 
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FIGURE 5.3 
Ice Thickness Determination on the Central Part of Gljufurarjokull by 
Radio Echo-Sounding (View to the North with Gljufuri in the background). 
') 
INPUT 
OUTPUT 
) 
Interpolation of altitudes 
from photogrammetric 
contour maps 
Construction of altitude 
matrix 
Terrain Analysis Program 
- fits quadra'tic surface in each 3x3 submatrix 
(e.g, for central point A) 
II .K lC II Ill 
/II fl " II II )I I' 
.II )II Jl 
" 
II 
Surface solved for its first and second hori-
zontal and vertical derivative! at the central 
point 
For each grid intersection: 
(1) 
(2) 
(3) 
Calculated Altitude (m) 
Maximum Gradient (in degrees from 
horizontal, 0-90°) 
Aspect of slope (in degrees clockwise 
from North, 0-360°) 
(4) Profile Convexity (degrees/100 m) 
(5) Plan Convexity (degrees/100 m) 
FIGURE 5.4 
Use of Terrain Analysis Program 
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FIGURE 5.5 
Nupur: Map of Altitude (using OYSM) 
136 
700.000 
fllt)QI 
QHJII 
.. .. 
lllOCt< l In II 
) 
) 
~"'L l.l ~ t.>L j,.(:LN 6. ouo 12..000 I 8.0110 2't.OOO :w. COI.l 
f· t I [!if.' t:f-F. 
t t' 111/(J tiff, 
t•'-~''-'" 1\ oh •! L ll ArdJ t • t (JIJ (J tlt-6 
IMl<inl..ft !)Lui'( I Ull,HI L ~. ,,llLoo t.u I< I /1.1\1 Ill. 
t • .. alb t ••• t • t. tt·.ac ll!llb+ t lit- L. • • • • tHo, •• Lh t ••• 1 HI!<. IIIOilii:Jbt-ll1 + • • t +I. LI:Bt-1-hllt 
t>ll.lllllllu • • • t t • t hl,~.IIL Hllllollb+ •. t.. • H.t t tLL t ••• -tblt.-lllblt:l Ll. t • • t( (f lllllllbhU. ~~~-~~·· •• tttL~~IILt~~~~8t, •••••• ltiEt,,t(l ttlb ~lllf(l[Ot •• tCft:IIIII«~HO+. 
lil16b t. • •• tt:.CIIIIIl tbiiiOW t.. . . .. . tl,t.:ll., .. 1 bHIIML tllll!6( C Ct-. .lltl/1111111111011110 t. 
tll()ut • .... l-t:ilitlll I!KIO(-.Ut • ...... I H tl!o. •lllt.I'IIIMllltH!Jf t, ,(Jtl&IIIIIIIIIIOihDt 
llh>t. • ·••·~·c.t·.t Ill. Ill fa; •• t t. t t t. t t tt tlli 1Lfi.O•II11tllllllltlltt t • tLCf-11 llltlllllllltt(.Jt, 
.. .,.... ..., .... t.t-UIIJI Slbl,. tLlJt I •• H t t •• tt( L~t.IJIIIII.KIIIIlll.i ft •• H€11f>IIIIElCIIIIIOIIOt. 
.... • • • lt:Jiit.MIIIiillt• • It.,; I •• t til .. t ••••• HI:lt •• II+HIIIII!:I!C.... +Oiif!Hf llllf.CIIIINIO+. 
kc t • Ht tl..blltAI.II~III lie I I .K t. hi I( I+ t t t ~ •• • • Hlt1f.l'll tllllllliOtiO t. tfiUUtit-1111111 tlllliiiiJitl(,() t • 
IU ... LLlJLLt L .. la.t-JiJt.it.IIIII.!IIKht)t •• • • • • tLltJII+IIII"bl+ ••• O+Otlf:IMIII .1181 1111&0+. ~:~ttt.,~utt+u•~U. QIIIIIIK~~u •••• .t+t«ltiEIII~hO+,,,t+Lti~KII ftf:l6811~0+. 
u••t u •• •~:~Mlilu tbllllllllllll!lt:~ • ++lill.lllltltH.t .+U611111tl'fiiii1UIIIIleo • 
.......... Lb""IH Ullt<Hilill-l. ..ttt+IIII11HIIIlhHlt ••• +Ctl€1111 I +E ..... IISO. 
lilt: t • t 1..t: t>bbt:~t L tKlllK8. • t C U II •:IICihllltll:lfo t t + •• tCCI:lii'IID61 +IIIIIIIN60. 
11.1&1. fnbLI..u t. H'Ktt.!j)t·U. • t ti.HIIIIll I :llllh:IC + •• t,. (I(IOOIIUIQIIII. ,(jf>ll~l .. llllf.IO. 
+ca.law...... tr.lllllllli.Jt, •• ,t •Ct-1Jit:i.lll611:lllt •• ,HU.bt-blllb*l • tel~~ IIIUIOIMfH+ • 
• • 1..11t1tt6l-.. .. ,, otKOIOit.H ....... t{:l!l C1 lll&flCtt. •, t+U(Cflb6ftl .fll t IIAI6t t • 
Lo otllLt, ••• ti•KKtnott,t~t+,.LI\IIMtbiiiiU:llltt, •••o++tttll:ll~ll ':lt,Uf .Hifllllll€++. 
"L. • ••••• '"'"11 •" ~ot-H. •• •• f·lll.11111 1 • •• ••••••••• oeA.,i .f', &Hf36fCHIIIIC+t. 
lllc t • •. • • • • ••••• t t- lot .t t· Klll t. K b l. u t t t. I II. t: II€ t • • •. t t • • • • • • .Ubl:ltl 1:1111 1886t111fl tltlr.M~O + • • 
obu. • ··•· •••••••• tokllllllllt-.IHJ+LIII+III!Ct tt ••• t •• • •• ,t(f.l:ll lf16b6bb6fJtilhiflll+ •• 
bc:1..t ••• u •u ••••• t .1 KMIIIIIIIItHil Clllt+IIUIU.I t'!l;ttt, •••• +CC£11 f. E6CCCCCCCEOti1C+, 
b.bcu 4 t t., t t t • • • l t •• i. , +llmflCbllltiiiUUiliQI!Itill t •• •. tC'( C.fllll.lll£((( ( C t t t • t HIC t • 
Laul- •. • u... .u, .. tllliiJ( t:lll+IIIJIIIIOiti+ ••• +HJO£•I•II.,IMO,tO+ •• +Clj&IIIO+. 
1..uu1.. t.. .. . . . ,Lu •• tlllllltclllf..li!IP llltllllt:Jt,,. ++GO+UI611 lllf;O.%t 'i' f.fJlllltlltiO •• +l..l-LJ~.t + ••• t. .u,. • 1-lilii.IGIO, tC I'JOHI fl+ •• ttttt+CI€(1 lf.~+t"i !16CII6+. 
• + .. L t. t t t t t t. • • t-fc t • Ut:illllilt. • (iHIIIOICtlt9. •. t +++ t ttl~ llf,. llf1f3fll 1611118+ • 
• • + L • •• • t tul-. • • • t-ow. • .L 11111061101:1+. t t t + tt tlJIIIlllbl01111f IIIIOIIH • 
•• +Lt.•Lutt>._.,tl+(£r.t • .LIHHOO+.+t++++ttCIIOLIIII t 41011111160+ • 
•• +tt.Ltuubt> •• +Lt[tiKri. •• .hMHOt+tttDUttttOCIB+OO+ •• +flll611660t. 
t H. •LtuLa.t:> + •LC. HiiK t • • flltHJHHfi uOllCl(JfJI,flG+IliiUIIIJIIIIHflflf!f1H •• 
tol. l. •• t 1.. 1.. t ut.IIObLJL+ •• GIUI t- • • • • • ••• t€KIIIIIH.U0f;f11:1+ OQIHI!f! ,,,1068flft00+ • • 
•c t. tbl-( t +t>lllt:li:H. • •~•'< • • • • • . + LH!lKOiu Cl . I llllilllf.ILH!t!ll tif.l61:1800t • • 
u+ •• li>DLt+at:JbblJt •• +.Uir.. • •• d:F.Oilllllllli!C .Oiilllflt·H.IIIII 6 f. CCCCCO•••• 
• • ••• bji l+ + +LtlbU(• ••• hl:>l t •• t t11lt MIJUIIJI&i>lllllJ • C .lll~llll€£.0f.C.EH C .... CCCG()O + •••• 
,t,.tbllltt •• Ll~ti~t.,ll~t.++tt~IIIIIII~UU~IIH .£1111111 B()Qt~+~G(Ct+tttt[ttt+ ••• 
• t,t fuMt>l.+ •• HA:.Kt+. tkiKI'.t-:Ll.KIIIIIEGC.tt+btlllfl. HJIIIIMSO tt, ,ttttttttttt ti. •• •••• ••• 
,t.ttlb~ttt,.tlJbbl+tb~~~~~811kltC~t •• tW•k~C.t~Utt+tt,, ,ttttt,.+t.,,. •••••• •• 
• t t Lt>i.L. tu t t (. t-:1:~ Lbto"l{ li:llll!lbl-1 Ct. t (.f KlllliC. UlL t:CIJL(. t ••• • t t t t t t + • • , • t t t t • • • , • 
..... ~,c:ttuul..,.,ttl:loHKKt~~KI69Gt,,,t(flll~~+.+~li!KKtf[, .,t,tttttt.,,,,tttttt,tt, 
•• tL &II.L Lt>IU .... • ••• Ctt~bCIIO(KbbolJU t. • • tl.bl<iiUO • + Slii!IKHflfJt t ••• , •• ++ t • ••• t t t t t t+ t + •. 
t.. • tl. lilt llloM¥c t t t • t Cl· l K f htil·(• t • • t tl ,1• « IIGt • • t 611 ~hKKK I t. t • • • • t •• t t + • t t t t t t t (JOt 
I+ tt&la&b.a&i.C. t t. • l•bfHlHI 0 • •• t t tl.llllllt CIIIIIIII!Ot t. • ••• ,tt t tt t t ttt, tOOt 
&a .c IU:blLi.l"-1..: •• t • • • tCbtll C t-t H H blllllt- +biiiiAIK~I60t.. • • HtffCCC C H t HI€( 
lllltL tL llt&lill.( ••• t • • • t Ct1l lJUl. t tl Cl-11 t •• tltiiiiiU(j t •• • tCI-:IIIIlbtif.ititl t Glitifl 
i.lllt tLt t:ll.l.t:>t ••• t t. • •• tlJI iJl,lJL,UtnCI.III t. liii6Ct tt tLtiiiiii.Oit!IIIIHUIOHtll:l 
bl& t • t<..&alilu ••• ttL t • t t. ,I. HL.I-IhrHlOOUXbHL.. • • • EIII!C +t + t Cf IIIII I II'GIIIIGitCCfli!A 
L.lt •l!lllltH.tttl.[ t ,tt •• •OLIJI'liOKIIOKKKOOt!illlt, tlllillll:lt++,HiEIIIIIIlllllllllllfltl L~lt.tlli~L+t((Ltt~ •• tt •• CLC~8*1~KIIIIIKO. CII~Ott+,bHIIJI~I~IIJIIIIIIIM 
U:IL lAIIt.lilt:JH Lt>U:bH.L. l.L+ • t-LUlt1U:Otbt>61l10101b. +lltlt+t, .L811 •• +6 II ••••••• Gil 
tttll a•Qilkl ~. • Lbbl\t-bUIIIH~r. t • HJt,t:H:iliOCC t HlOIIQ!t • lltitt tt. tLIIIC •, 011111101 
tte;tll.litl•+n .. H!tiKl ( l.t-t Ktl. tl[tlbiOHt 1 tbllltl {JIIfit tt tt +611( • • • OIIIIIK 
1..t: .o lloLLl .. ot>t:Jt,llt:lllll Cbll\l(( t1t • t Lbt:t t: Lt. L Kill 1 t •••••••• t IID!t: t + H.tf II( t t. • LIIKHIII 
I!.ILc:t:.aUat.l.ltlltalli IIClllllllll... • tiJbHlt .(; .. UCI« biCAhi'JIJ(• tt. •LUICHiOIIIIO U Ct. t:lltllll 
t Ht IIIMh&AIMit:lllllllllillt;t .tl:lt:r.t:d HI. hi f-IIIKL<.Kr.l-."' tt tllllatHIII+ HlbtiH. +lltMIIIt 
•• • Ltlc ... Uit-:cUIIIIl'llllltlil~ou. +Gt:fillh ++1-:UIIUIKMI!IIX~->C t:t CU1116G.Cif:U:IU,tL• .eMIIOIQI 
•• t (ataUL. ttCUf>UUKHu. +11tf-ll!bi::.IUIIUIIIIIIIIKI!C, .EIIGt .€1f:U llllllf61111 
.Ltl.tt:IIIIIO~Lt .0l~~~fHfillli~QIIIIIIIIIIIIOC .+0. ,+f:liCCC~IIIIIIliiS 
t,, ~IIIIIHnt, ,t(CLU(dJttttttCbbiiiiiiiOtt, tblb•.tOCCG06~61llQIH 
•• tt.,;c.. t nllllfiiHbiJ • d .. t t t t, • • .... • • • t (6811101 t ,CIIf::+. • tl66titib&ll9 
• •-.o.lltlilll<• •. t:lllllillllh!. +I•U t tt. • I IIIIIC. • CftbC t tt •• C666E98A 
.lUIII&.kllo~o ... ot I llllllotr-C. • t 1 t t t ............. •• .81111-!t +fliiiiOibllOC(+ •• llOIJHO 
tt:i.ll.tt:t:otii&IIJtMill" I.IIIIKjjjt-t'., ,ttt.l ( ttlltt.~I'.IIIIJIIubiiiJUl, ,t6llll,ll:ltHIJt+tttCl 
••i.t>LtublillllAMac.. U.lilll~l u•. t ti.U.t.t.t-~1'-IIJIIIIIIIIffKIH:. • •••• tBIIIIII!P.Ha:ltfiO 
+Alit H. tl,bnllllh t t .iilllll~rH; t • ttl t; t:..,l'< I IIIII llllllllltiHt£- ••• t t t t • , tf:lllllfit.i;fl( 0 
*&i.e t • • tt t &...loll!( t .I .IUlllllllllt,l, t. • t ( t'f-OIIIIIIIIOOIIUIIlGIIIII«H:f. tt (UfliJ H t. t Hlllllli~OH 
+llh~ t t • tt. +clll\t, LIIL<JII;.irtt' t. • t1 U:MIIIhf,tJL t. • • • +bllliiiiHc t tt(,[.( Otb-H· H f fffff·llllr6 
<- ali~<.. tt, .. tl.lllt-. IIIIIY.IIL<JI-I t. • ti.Ci~IIKioll<~l-< t • tiJCC t. t. t+ tUt:l81111111111lllllllfH1 bt&ILb~..t •• L~I!It- .tlllll~oL. ,t(lfii~KII~t ,tttt,,tC6EIIIIIIIIb6bbH 
ct .. lllliat:>l- •• • ofll(\;lo t IIIIICH:<tJ. • t H tl!lllillllllo. • t t H •••• tt -t -t+ t t+OOOCOI18 
& t &II. ilii:L tr t uL lib t • t • • IIIIIIIOiritJ • • t t ( bQ!l£1!1(1! II~ t. • • •• t t t tt. , t t t ••••••• t tlJICC 
IU1t.atl t .Lt>li.Jalt .1 li lit- I Oillll()(biJ. • ttl U·f f l.KIIIb t. • •• , •• t +C H ( ( ( t •• • • •• ,, +CIO 
lUtll.il.au. to.llHUIItiH:.Ii~j U.t. tlllliXt•L. • + t1 ( Ll I H<II{I(L t • t(6bbb( t. • • ••• HolJO 
Al&bb-&...tt>~~~o~b~"liKiati.IIIIIHt, ,ttLtt0~111111l. .,+tOft(tt ••• ttOt 
i.llt:bl.:tl.iot>ol.i:I!KKKK"IIt-llll¥1llht • t II.UIMt+IIIH. • • ,( ft'H •• • t tt- t • 
i.li.t(t~tbl::.t.li.Klll!tM111KIIIIIKU. .ltltl!~bhiiH. ttt ••• t(bll!(ttttt 0 t.t~L 1LIH&.II.llt.llll!.l.l:l!l(lllllilhll. • t ICH1hfHIIOI. t, • • ,ttt, t(f[OH tt 
LL&...ul..ntta~t.L"'kftLt'«liiK~O+ ,ttl.t:bt-(b~l~.. t,, • .~+tO~I:lbGOttt, • 
•**+Lt:Jif.llt>lltllotiiOhot>LttQtll\lll~dt, • t t(Ltt(blllb+.. •••••*t t((JGtillttt. t 
•••• tuobba.k.iioMlibbt k~~ICI!illliJlJ. • t t t I.Jttt (( &1116 •. • •••• +( ( t t •• tOt t t. t 
FIGURE 5.6 
Nupur: Map of Gradient (using OYSM) 
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Nupur: Map of Aspect (using OYSMA) 
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FIGURE 5.8 
Nupur: Map of Profile Convexity (using OYSM) 
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FIGURE 5.9 
Nupur: Map of Plan Convexity (using OYSM) 
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FIGURE 5.10 
Nupur: Map of Altitude (using SYMAP) 
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FIGURE 5.11 
Nupur: Map of Gradient (using SYMAP} 
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FIGURE 5.12 
Nupur: Hap of Aspect (using SYM.AP} 
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FIGURE 5.13 
Nupur: Map of Profile Convexity (using SYMAP) 
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FIGURE 5.14 
Nupur: Map of Plan Convexity (using SYMAP} 
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FIGURE 5.17 
Nupur: Slope Map (using OMYL) 
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Test of Accuracy for Altitude 
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Test of Accuracy for Gradient 
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Test of Accuracy for Aspect 
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FIGURE 5. 28 
Nupur: Plateau Areas 
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CHAPTER VI 
CLIMATIC INPUT 
The importance of climatic control in the determination of 
glacier mass balance is evident from the review of glacier-climate 
studies in chap. II and the discussion of factors affecting local 
glacier balance in chap. III. While the great volume of literature 
devoted to glacier-climate studies has enab.led general cause and 
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effect patterns to be developed, the nature of local spatial variations 
in the snow and ice cover remain little understood. This is largely 
a reflection of the paucity of relevant climatological data at the 
local-and meso-scales. The manner in which the local climatic input 
for the mass balance model can be estimated is described in this 
chapter, with reference to the Nupur area. 
6.1 Choice of Basic Climatological Elements 
While the availability of climatic records imposes an 
important constraint on the climatic input, studies of. glacier mass 
balance (sec. 2.3.3)indicate that data on air temperature, precipi-
tation, cloud cover, wind speed and direction a~e necessary for a 
meaningful study of climate -mass balance relations. The importance 
of these climatic elements in controlling glacier mass balance has 
been outlined in sec. 3.3. 
The climatic input for the mass balance model is in the form 
of monthly means (averaged over a number of years) of the basic 
climatic elements, While data over shorter time intervals (e.g. days) ~r~ 
necessary for analysing the effect of 'weather' inputs on local mass 
) 
) 
The seasonal variability in the climatic elements can be 
defined by fitting curves, through Fourier series, as 
has been done in Fig. 6.11 The advantage of using such generalised 
curves is that the effect of changing climate on glacier balance can 
be considered by simply altering the amplitude or base level (a1) 
of the curves. 
Having obtained the regional climate, the next step is to 
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estlinate the climate data at all points of the altitude matrix. Since 
the base station is invariably located in a low-lying region, while 
the area of interest for mass balance study is characterised by moun-
tainous terrain, such estimation presents serious problems. First 
it is necessary to examine the nature of cllinatological conditions 
prevailing in mountainous regions. 
6.2 Local Climatic Conditions 1n Mountainous Regions 
A consideration of the local climatic conditions in mountain-
ous regions is fundamental for the determination of glacier mass balance 
(sec. 3.3). However, the study of mountain climates is beset with 
1The curves fitted to the climatic data were defined according 
to a Fourier series given by the following relation: 
n 
yx = ~a + l: {a1 cos (rr(k-1) (x-1) /n) + bk Sin (·rr(k-1) (x-1) /n)} 1 k=2 L( 
where y is the particular variable being considered, 
xis the month (1-12), 
ak and bk are'.the Fourier Cosine and Sine coefficients. 
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numerous problems due to the inunense variability of climatic elements 
) 
and the availability of only limited and unrepresentative data. 
The varying combinations of altitude, slope gradient and 
aspect result in the production of a wide range of local climates and 
microclimates in mountainous regions. Furthermore unfavourable weather 
conditions, sparse population, transportation problems and the physical 
isolation of such regions pose numerous difficulties in the selection, 
' equipment and maintenance of observation stations. As a result there 
is a lack of sufficient meteorological stations at high altitudes. For 
example, only 3.9% of all meteorologic! stations in Iceland and only 
4.1% in Britain are situated above 300m. The few stations that do 
exist at high altitudes only observe a few of the climatic variables. 
The adverse environmental conditions also lead to many 
measurement problems in the recording of individual climatic elements 
(e.g. discussed by Rowe, 1975). The analysis of mountain climates is 
further constrained by 'problems of scale', due to the "rapid changes 
in primary and secondary climatic controls and process~s which occur 
over short distances" (Naq:us, 1974b p .17). Lack of quantitative 
work on the scales at which these climatic controls act, makes the 
choice of any particular scale for the study of local climate varia-
bility rather arbitrary and difficult (sec. 5.5). 
In view of these observational problems, our knowledge of 
1nountain climates is based on the collection of rather fragmented 
and empirical evidence. Comprehensive compilations of studies 
concerned with the nature of local climates have been made, for example, 
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by Geiger (1965, 1969) and Yoshino (1975), Many of the early studies 
cited by these authors were prompted by the close relationship between 
plant growth and local climate on mountain slopes (e.g. reviews by 
Cantlon, 1953; Ayyad and Dix, 1964). 
Studies concerned with the temporal and spatial variation 
of the atmospheric environment in the surface layer,within a limited 
area are commonly presented under the term microclimate, local climate, 
' 
or mesoclimate. However, since the topography of the land is one of 
the main factors that are more directly responsible for local differences 
in climate, the term 'topoclimate' (proposed by Thornthwaite in 1954) 
l.S preferable for studies of local climates in mountainous regions. 
Furthermore, while opinions differ, such studies generally involve a 
region of about 10m. to an order of 10 km (Yoshino, 1975). 
Apart from studies of local climate, further insight into the 
nature of highland climates is gained from the results of high mountain 
observations,for example in the St. Elias Mountains in Yukon and 
Alaska (Marcus, 1974 h), European Alps (Karrasch, 1973), and the New 
Zealand Alps (Coulter, 1967). In this respect, records from mountain 
stations which operated during the latter half of the 19th century 
continue to form an important primary source for the analysis of mountain 
climates, e.g. Ben Nevis in Scotland (Paton, 1954), Mt. Blanc and 
Sonnblick in the European Alps (Talman, 1.934) and Mt. Washington and 
Pike's Peak in North America (Stone, 1934). 
Information from high mountain observations can be comple-
mented by that obtained from free-air soundings. The latter provide 
) 
) 
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a useful indication of mountain winds and temperature conditions, 
especially for the climate of mountains for which no surface data ~r~ 
available (Coulter, 1967; Barry and VanWie, 1974). However 
corrections should be made for any systematic differenceil between 
surface and free-air conditions. 
All studies of mountain climates emphasise the topographic 
effect at the local scale in controlling the variability of climatic 
elements. For example,' much of the contrast in air and ground tempera-
tures with varying slope gradients and aspects can be related, in the 
first instance, to the different angle of incidence of solar radiation 
on sloping ground. Further modifications of temperature conditions can 
be due to the 'shadow' effect as a result of the local topography cutting 
off the direct solar radiation (sec. 8.3.1). The direction and speed 
of the wind is also affected by the local topography while the e~tabli~h­
ment of local wind circulations, as a result of topoclimatic contrasts, 
modify both temperature and precipitation r~gimes. 
In spite of the numerous studies concerned with an examination 
of the climatic modifications due to topographic factors, our under-
standing of such effects is rather fragmentary. Most of the research 
is in the form of qualitative case studies of short duration, dealing 
with the·climate of rather isolated and limited regions. Furthermore, 
little is known about the quantitative effect of such topographic features 
as cirques, which exert an important control on local climate and, in 
turn, glacier mass balance (Derbyshire and Evans, 1976), 
To observe adequately the highly varied nature of the local 
climate in mountainous regions, would require the setting up of a 
171 
station network of sufficient density, to allow the continuous areal 
recording of climatic elements on slopes in all directions and at 
different altitudes. Such systematic studies of mountain climates are 
lacking, largely because the considerable finance required to set up 
such dense networks of observing stations has not yet been provided. 
The problem of defining the climatic input for a region of 
mountainous terrain can be overcome in part by the use of expected 
relationships between the climatic elements and basic terrain para-
meters, such as altitude, slope gradient and aspect. As a first 
approximation, much of the spatial variability in mountain climates 
can be related to the distribution of altitudes. For example, an 
increase of solar radiation, wind speed, precipitation and percentage 
of snow in total precipitation with altitude; and a decrease of air 
temperature with altitude a.re. cormnonly observed. 
The strong dependence of climatic elements upon altitude has, 
in fact, led to the identification and extension of climatic data for 
representative 'elevation bands'. However, the ~quare-grid technique 
provides a better basis for the storing and correlation of climatologic 
and physiographic characteristics of an area (sec. 4.4.2). 
Following the effect of altitude, further spatial modifi-
cations in local climate due to the influence of such factors as slope 
gradient, aspect, and exposure can be considered. In the following 
sections,then, an attempt is made to estimate point values of air 
temperature, snowfall and wind conditions over the Nupur matrix, using 
1) 
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postulated relations between local topography and climate. 
It should be noted that, in view of our present understanding 
of topoclimates, such estimates involve the use of rather crude 
generalisations. Furthermore, since our knowledge of local climates 
may vary greatly from one area to another, individual consideration of 
each study area is necessary for the development of topoclimatic 
relations. However, in the event of future advances in our understanding 
of the relationship between topography and local climate, the appropriate 
1'\'\ 
subroutine can be easily modified to accompdate such advances. 
6.3 Estimation of Air Temperature 
An estimation of monthly air temperature values at each 
grid intersection of the altitude matrix is needed in the mass balance 
model for determining: (i) proportion of precipitation falling in 
the form of snow (sec. 6.4); (ii) effectiveness of snow drifting, 
'dry' snow being more important for drifting (sec, 7.1); (iii) suitable 
densification rates (sec. 7.4.2); (iv) potential periods during. which 
snow and ice melt can take place (sec. 8,2); and (v) turbulent heat 
exchange (sec. 8.4). 
The decrease of air temperature with altitude is well 
documented and it is generally recognised that it tends to follow a 
o I o specific lapse rate (usually between 0.6 C 100m. and 1.0 C/100 m.). 
However several investigators have shown that such lapse rates are 
subject to great variability depending on local pressure and circulatory 
conditions (e.g. Yoshino, 1966; Steinhauser, 1967). 
) 
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Lapse rates usually vary throughout the year with different 
seasons. While the evidence for these seasonal fluctuations is varied 
and conflicting, generally lower mean monthly lapse rates are observed 
during the winter months as opposed to the summer months. Furthermore, 
the rates are found to differ with altitude, within the same mountain 
range (Steinhauser, 1967). 
In the absence of high altitude stations, necessary to 
determine lapse rates for mountainous regions, it may be possible to 
use aerological observations from the free atmosphere (Coulter, 1967). 
It should be noted, however, that mountain temperatures are on average 
about l-2°C cooler than corresponding free air measurements in winter, 
and l-2°C above the temperature in the free air during summer (Samson, 
1965; Ingham, 1967). These differences generaliy disappear at altitudes 
of about 1-1.5 km. (Coulter, 1967, Steinhauser, 1967), 
Regarding the temperature input for the Nupur matrix, the 
monthly variation in the lapse rates was obtained from the curve in 
Fig. 6.2. This curve ~s drawn from data on upper air observations of 
air temperature at different levels up to 2000 m. for a period of 15 
years, from 1954-1968 (Eythorsson and Sigtryggsson, 1971 p.l6). 
From Fig. 6.2 it can be seen that the lapse rate varies from 
a maximum of 0.7°C/100 m. in May to a minimum of 0.55°C/100 m. in 
January and February. The data also indicated some variation in lapse 
rate with altitude, the monthly lapse rates being slightly higher in 
the 50-1000 m. range than for 1000-2000 m. The curve in Fig. 6.2 is 
for the lower altitudinal range, since this corresponds with the 
altitudes found in the Nupur area. 
) 
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The appropriate monthly lapse rate can be used to extropiate 
the monthly mean air temperatures at the base station (Fig. 6.la) to 
all points of the altitude matrix by use of the following relation: 
t(x, y) ~ -L. a(x, y) + C 
where 
t(x, y) is the mean air temperature at a point (x, y) in °C, 
a (x, y) is the altitude at the point (x, y) in m. 
l 0 L is the mean monthly lapse rate ( C/m.) 
C is the base constant determined by: 
C ~ T + (L. A); T and A being the base station 
temperature and altitude respectively. 
The altitudinal variation of air temperature needs to be 
modified by consideration of slope aspect. 
Near surface air temperature variations according to slope 
aspects are essentially brought about by differences in ground tempe-
ratures which, in turn, reflect differences in the varying amounts of 
radiation received on sloping terrain. Microclimatological observations 
of air and ground temperatures with varying slope aspects have been 
made by a number of researchers (e.g. Aikman, 1941; Cantlon, 1953; 
Fuh, 1962; Steinhauser, 1967; Wymore, 1974). 
Most of these studies emphasise the contrasts in air 
temperatures between north and south slopes. Fuh (1962), for example, 
in a study concerned with the effect of slope orientation on microclimate 
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in the Nanking Mountains (China), found that the average air temperatures 
0 
at 1•5 m. on the southern slopes to be 0·6 C greater than those on 
0 the eastern and western slopes, and about 1•0 C greater than those on 
the northern slopes. However data on slope gradients at the measurement 
sites w~renot given. More extreme contrasts were observed at lower levels 
(2•3°C at 5 em above the surface), and with maximum air temperatures, 
(l-2°C at the 1·5 m. level and 5-8°C at the 5 em. level), since the 
latter are more closely related to the radiation balance. 
Studies of temperature contrasts with different slope aspects 
also reveal that the temperature. max1.mum follows the sun from S .E. via 
S. to S.W. (in the northern hemisphere). Maximum temperatures are, thus, 
observed on the S.W. facing slopes, since the greater part of the solar 
radiation received during the morning is spent on the desiccation of 
soil; and it is only after the evaporation of the soil moisture (when 
. 
the radiation is directly over the S.W. slopes) that the solar energy 
can be absorbed to raise the ground temperatures. 
Given the greater importance of radiation in surface heating 
at higher altitudes, it can be expected that;' temperature differences 
between slopes also increase with altitude. However the few studies of 
slope differences in soil temperatures at varying altitudes (e.g. as 
reported by Barry and Van Wie, 1974) present rather conflicting evidence. 
A seasonal variation in the temperature contrasts between 
slopes of differing aspects is also indicated by some studies. Steinhauser 
(1967), for example, in his topoclimatic survey of the Austrian Alps 
0 
notes that north-facing slopes may be 0·8 C colder during the winter 
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and 0·3°C during the sumn1er than south-facing slopes on clear days. 
According to Steinhauser, this difference could be due to the fact 
that with greater radiation totals during the sumn1er months, even 
the northern slopes are more heated than in winter relatively to the 
southern slopes. 
Measurements by Cantlon (1953) on the Cushetunk Mountain 
(New Jersey) indicate a more marked seasonal variation between north-
' 
and south-facing 20 degrees slopes. Fig. 6,3 is drawn from the data 
provided by Cantlon (Table 2, p,248) on the monthly averages of mean 
temperatures, at various levels above the surface, sampled on the 
north and south slope stations. It depicts the magnitude of temperature 
differences between these slopes at the 5 em. and 2 m. levels. It 
can be seen that the temperature differences are greatest near the 
surface. Furthermore, the differences are greater during autumn 
(about 4•5°C at 5 em. and 1•2°C at 2m.) and least during the sumn1er. 
To some extent these differences can be explained by ~hanging vegeta-
tional patterns (leaf fall and expansion periods). 
The majority of studies concerned with examining the 
variation of air temperature with slope aspect are of short durations· 
and have been conducted in rather scattered localities, making any 
generalisation difficult. However it is desirable to modify the 
altitude-adjusted air temperature values for differences due to 
slope aspect. 
In the absence of definite air temperature - slope aspect 
relationships, it is necessary to postulate the probable relations. 
. ) 
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For example Wymore (1974) provides aspect temperature correction 
factors ~Fig. 6.4) for use in the Piceance Creek Basin, Colorado. 
These were developed by the use of minimum tempeature differentials 
that would provide a logical distribution of evapotransp,iration rates 
in combination with variations in solar radiation rates using the 
modifie.d.. Jensen-Haise·method (described in Wymore, 197Lf). 
Based on the above discussion and other specific aspect 
adjustments suggested by research on soil and air temperatures (e.g. 
Geiger, 1965; Yoshino, 1975) postulated seasonal air temperature 
corrections for slope aspect, at the 2m. level, are applied to the 
altitude-adjusted temperatures at all grid intersections of the 
altitude matrix (Fig. 6.5). Though data~ravery limited, some 
researchers (e.g. Fuh, 1962) have pointed out that these postulated 
contrasts in air temperature with varying slope aspects are only 
evident on steep slopes. Thus the aspect-corrections are applied to 
well-defined slope aspects (above a threshold gradient of 20 degrees) 
which highlight major topographic elements, such as the cirque and 
valley walls in the central Nupur area. (Fig. 5. 25) . A lack of any 
detailed information on air temperature contrasts on slopes with varying 
aspects and gradients prevented a more comprehensive treatment of 
local air temperature adjustments. 
These considerations of air temperature estimation are 
programmed in the subroutine MTEMP. Results from MTEMP depicting the 
spatial variation in the May and July air temperatures in the central 
Nupur area can be seen in Fig. 6.6 • 
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6.4 Estimation of Snowfall 
An important input requirement for the simulation of glacier 
mass balance is the initial snow cover distribution due to snowfall. 
The incidence of snow in highland areas is, however, particularly 
sensitive to the interplay of air circulation, temperature and precipi-
tation patterns as modified by topographical effects. The resulting 
complexity makes the specification of snowfall distribution very 
difficult. Furthermore, precipitation (especially snowfall) measure-
ments used to represent conditions at a point may be subject to 
considerable errors (e.g. Peck, 1972; Rechard et al., 1974; Larson 
and Peck, 1974). 
The approach used in this section is to estimate monthly 
point values of snowfall, for all grid intersections, using expected 
relationships between regional precipitation, local air temperatures 
and local topographic parameters. 
While precipitation distribution, especially over short 
tbne periods, is more directly related to meteorological characteristics 
(e.g. atmospheric stability, amount of precipitable moisture, cloud 
cover, wind flow, etc.), a lack of observational data on these aspects 
has led to an interest in estimating precipitation an1ounts from 
topographic considerations. A number of researchers have shown that it 
is feasible to describe the distribution of long-term (i.e. monthly 
and annual) spatial variations in precipitation by developing statistical 
relations with various topographic parameters (e.g. using regression 
analysis or graphical correlation techniques). 
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Spreen (1947), for example, conducted a notable study 
) 
relating altitude, rise, exposure, orientation and position to the 
distribution of monthly and annual precipitation in western Colorado. 
Similar studies have been carried out by Burns (1953) in California, 
Schermerhorn (1967) in western Washington and Oregon, and Hutchinson 
(1968) in Otago, New Zealand. In general these studies indicate that 
a consideration of altitude together with aspect and exposure to ra1n-
bearing winds is necessary to adequately specify the precipitation 
' distribution in mountainous areas. 
The important influence of altitude on precipitation 
distribution is particularly well documented. In addition to the 
above-mentioned studies, numerous workers have considered the corre-
lation of precipitation with, both spot altitudes (e.g. Donley and 
Mitchell, 1939; L.ull and Ellison, 1950; Smallshaw, 1953; 
Dickson, 1959; Rodda, 1962; Peck and Brown, 1962; Curry and Mann, 1965; 
Unwin, 1969; Bleasdale and Chan, 1972) and mean altitudes (e.g. 
Schermerhorn, 1967; Gow and Lockwood,l974), These studies indicate 
that precipitation - altitude relationships can be regarded as linear 
for the most part. 
However, with the quantity of moisture in the atmosphere 
decreasing with increasing altitude, a zone of maximum precipitation 
may be expected. The evidence from temperate areas is not conclusive 
and the precipitation is usually found to increase progressively up 
to the mountain peaks. In the humid tropics, however, there appears 
to be more evidence . for an upper .maximum limit below the highest peaks 
(de Boer, 1950; Weischet, 1969). 
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Some studies further indicate that !;he precipitation -
altitude gradients may vary seasonally due to differences in 
precipitation type (e.g. Lull and Ellison, 1950; Rodda, 1962; Curry 
and Mann, 1965; Hutchinson, 1968). In particular, the relationship 
may become weaker or break down in areas where the rainf~ll type is 
convectional for the ma1.n part. However, the latter usually forms 
such a minor component of mountainous precipitation regimes that mean 
gradients with altitude are scarcely affected at all. For example, 
Ahlmann (1927) found that 93% of even the summer precipitation in 
the Horung Massif, Jotunheim was due to cyclones with a strong 
orographic influence; while the importance of cyclones for winter 
precipitation has been commonly observed (e.g. Burn~, 1953; Hutchinson, 
1968). The insignificance of convention as an agent for vertical air 
movements during the winter months means that it will not have an 
r) important influence for snowfall estimation. 
Regarding the precipitation variation in the Nupur area, use 
was made of the relationship between annual precipitation and altitude 
. 
shown in Fi~. 6,7a. Due to a lack of high altitude precipitation 
stations in Vestfir~ir, this relationship was developed from an area of 
similar annual precipitation regime and altitudinal range in south-west 
Iceland, viz. the area around Lake Hv:alvatn (N.E. of Reykjavik). This 
area has the most intensive network of precipitation stations in Iceland 
and records from 14 stations, covering the period 1950-1971, were 
available from the Icelandic Meteorological Office (Fig. 6.7 b). 
The correlation coefficient for the precipitation-altitude 
relation was found to be 0·72; thus altitude accounts for 52% of the 
variation in annual precipitation, Furthermore, this relationship 
indicates an annual increase of about 132 mm. for every 100 m. rise iri 
altitude. Taking the long-term mean annual precipitation at the 
base· station in the Nupur area (994 nnn at Thorusta~ir, altitude 
20m.), the annual precipitation at all grid intersections in the 
Nupur matrix can be estimated from the following relationship: 
p(x,y) = 1·32 a(x,y) + 967·6 
where 
p(x,y) is the mean annual precipitation at a point 
(x,y) in nnn. , 
and a(x,y) is the altitude at the point (x,y) in m. 
The altitudinal effects on the precipitation distribution 
are modified by the secondary influence of slope aspect. The 
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importance of slope aspect and exposure, in relation to the prevailing 
wind direction, has been stressed by most of the studies concerned 
with an examination of the topographic influence on precipitation 
distribution (e.g. Spreen, 1947; Burns, 1.953; Hutchinson, 1968). 
Slope aspect effects on precipitation distribution operate 
at both broad and local scales. At the broad scale, differences can 
be expected to arise btween windward and leeward slopes, with the 
former receiving higher precipitation due to the effects of orographic 
lifting. It should be noted,however, that on steep mountain ridges 
the 'spillover' effect can result in greater precipitation on leeward 
slopes (Hovind 1965). Furthermore, at the local scale, these differences 
in precipitation distribution may be modified by the effects of wind 
drifting, especially in the case of snow (sec. 7.2). 
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In the absence of any long-term observations concerning 
the effect of slope aspect on precipitation distribution, the nature 
of thi~ influence is postulated from common sense, though rather 
simplified and arbitrary, considerations, For example, an indication 
of the expected windward-leeward precipitation differential may be 
provided by a consideration of the frequency of winds from different 
directions (e.g. Reid, 1973). While slopes facing the prevailing 
winds can be expected to receive higher amounts of precipitation than 
those which are leeward, the problem lies in the fact that annual 
precipitation data may include precipitation occurring with a number 
of wind directions. 
This is especially the case in Iceland, for example, where 
the moisture content of winds from all directions is high due to 
the strong maritime influence. In view of this, it is assumed that 
the amount of precipitation received with winds from a particular 
direction is proportional to the ,frequency with which the winds blow 
from that direction. Furthermore, to account for the variation of 
precipitation with slope aspect, it is assumed that twice as much 
precipitation falls on thewindward slopes compared with those leeward 
to the prevailing wind direction. 
Given the regional distribution of the prevailing winds in 
the Nupur area (sec. 6.5),the postulated differences in the percentage 
of precipitation received by slopes of different aspects can be 
determined (Fig. 6,8). For example, if north-westerly winds blow for 
25% of the time, then it is postulated that 16.7% of the precipitation 
will fall on slopes facing north-west and 8.3% on the aouth-east facing 
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slopes. Similarly, if the winds from south-east blow for 14% of 
the time, then slopes facing south-east are expected to receive 9•3% 
of the precipitation and those which are facing north-west will 
receive 4•7%. The appropriate windward and leeward components of 
the precipitation from different wind directions are then summed to 
give the net precipitation expected with any slope aspect (e.g. 21·4% 
for slopes with N.E. aspects and 17•6 for those facing S.W. in the 
above example). 
The point precipitation values calculated by use of the 
precipitation altitude relation are considered to be applicable for 
the theoretical case in which the frequency of winds from different 
directions is the same (i.e. 12•5% from each of the eight main 
directions considered). Any departure from this theoretical value 
and the postulated percentage of precipitation according to the 
actual frequency of wind direction and slope aspect considerations, 
is then taken as the correction for the altitude - determined preci-
pitation value (Fig. 6.8). 
Since these aspect -corrections are more relevant for the 
major steep slope units, they are only applied to slopes with gradients 
0 
of over 20 , thus excluding minor variations in slope aspect (as in 
the case of air temperature- estimation). Furthermore, in order to 
exclude points which, due to the effects of local topography, may not 
be exposed to winds from particular directions, the aspect correction 
is only applied to those points which do not have any land higher, than 
the point in question, for a distance of 1 km. in the particular 
) 
) 
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direction of the wind being considered, This indication of exposure 
in different directions is determined by the subroutine TPGW. 
Following the estimation of the total annual precipitation 
in the above n1anner, the monthly precipitation at each grid intersection 
can be obtained by dividing the annual precipitation according to the 
expected percentage contribution of each month. Fig. 6.9 depicts the 
curve for the mean contribution of each month to the annual precipitation, 
as determined from long-term precipitation records at Thorustajir. 
Finally, the amount of snowfall in the monthly precipitation 
totals needs to be determined. 
Daily maximum and minimum air temperatures, in relation to 
a base temperature, have been commonly u5ed to determine the form of 
precipitation (e.g. Willen, et al., 1971; Leaf and Brink, 1973; 
Auer, 1974). Estimation of the precipitation form for monthly totals 
is more difficult. 
Bogdanova (1976) presented a n1ethod for calculating solid 
precipitation amounts from monthly precipitation totals. She noted 
from numerous empirical measurements, that the relationship between 
monthly solid precipitation (P ) and mean monthly temperature (T) can 
s 
be approximated by a linear equation of the form: 
parameter: 
P = a- b T. 
5 
This relationship varies regionally according to the following 
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where t is the mean 
max 
temperature of the warmest month. 
t 
min l.S the mean temperature of the coldest month. 
and t is the long-term average of the annual temperature. ann 
The coefficients, a and b are related to o by empirically determined 
curvilinear relationships for the range of values encountered by Bogdanova 
(Fig. 6.10). 
Now for Thorusta~ir, with the mean temperature of warmest 
month, July, being 10•5°C and that of the coldest month, February, 
being -1·6°C, while the long-term (1931-60) mean annual temperature 
is 3•6°C, the value for o = 0·813; a= 33·246; b = 5·565. Thus, the 
percentage of solid precipitation (0-100%) for any month, at any 
grid intersection in the Nupur matrix, can be determined from the 
following relation: 
P = 33·246 - 5·565 T. 
s 
0 (valid forT values in the range -12 to 5•9 C). 
A limited check on the computation from monthly total 
precipitation totals was possible using snow depth measurements for 
1976 at Akureyri and ThorustaJir, provided by the Icelandic Meteoro-
logical Office. The monthly estimations of snow according to this method 
are compared with the actual measurements of snow depths in Fig. 6.11. 
It can be seen that, apart from the apparent overestimation of the snow 
depths for February and November at ThorustaJir, the comparison is 
) 
quite good. The difference between the computed and measured snow 
for these two months appears to be due to an unusually large 
proportion (75-85%) of measured precipitation for these months being 
classified as 'sleet'. 
The above considerations for the estimation of monthly 
snowfall are programmed in the subroutine MSNOW. Results of MSNOW 
for January and October snowfall over the central Nupur matrix are 
shown in Fig. 6.12. 
6.5 Estimation of Wind Conditions 
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Of all the climatological elements, wind is probably subject 
to the greatest variations in mountainous regions. A variety of local 
wind systems may be generated by orographic, frictional, gravitational, 
and thermal effects (Geiger, 1965; Flohn, 1969; Yoshino, 1975). The 
great variability in wind c~nditions is a consequence of both.the passive 
effects of the landscape, resulting in variations of wind speed, 
direction, and turbulence; and active effects due to local contrasts 
in the energy exchange at the surface which establish thermally driven 
local circulations. 
In view of this complexity, the modelling of point wind 
conditions in an area is a major and problematic undertaking which is 
outside the scope of this study. Some indication of wind conditions 
is, however, necessary for the estimation of glacier mass balance. In 
particular, the regional distribution of wind directions is required 
for determining variations in the precipitation distribution (sec. 6.4) 
and for the direction of snow drifting from the summit plateau areas 
(sec 7.2.2). Also an indication of the variation in mean wind 
velocities during the summer months is needed for the calculation 
of turbulent heat exchange (sec. 8.4). 
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The regional pattern of wind directions m the Nupur area 
was obtained from the long-term (1931-60) records at the base 
station (ThorustaJir). Both annual (for precipitation estimation) 
and winter (for snow drift estimation) mean wind directions were 
determined (Figs. 6.8 and 6,13 respectively). In the absence of 
meteorological stations on the plateau summits, some confidence in 
the use of the records at Thorusta~ir to indicate regional wind 
directions is provided by the general consistency of wind directions 
in N.W. Vestfir~ir. Long-term records from Su~ureyri (Fig. 6.13) 
and short-term records from other climatological stations in the 
region indicate that winds from the sector between N.E. - S.E. are 
particularly frequent. 
With regard to the estimation of mean wind speeds, the 
scarcity of data on wind speed variations in mountainous regions 
necessitates the use of rather general relationships between wind 
speed and topography. In the first instance, it is commonly observed 
that wind speeds increase with altitude (e.g. Manley, 1952, p.l88; 
Yoshino, 1975, p.233). 
In the absence of field measurements, the variation of wind 
speed with altitude can be obtained from aerological data (Coulter, 
1967; Marcus and LaBelle, 1970). However, corrections according to 
the effects of topography need to be applied to the free-air estimates 
of wind speeds. In general, summit windspeeds may be quite closely 
) 
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correlated with those in the nearby free atmosphere; though in 
certain instances, with light winds, the wind speed on mountain 
peaks may be less than that observed in the free air (Marcus and 
LaBelle, 1970; Barry and VanWie, 1974). With strong winds, however, 
the orographic barriers tend to converge the flow of 
air, causing higher wind speeds to be observed on exposed mountain 
summits and ridges. 
The effect of sheltered localities on wind speed reduction 
is more consistent. For example, Derbyshire and Blackmore (1974) 
report that wind velocities in cirques can be reduced by as much as 
50-70% compared with free-air measurements. 
In general, wind speeds are found to be greater over exposed 
convex areas than in sheltered concave areas. It appears, then, that 
an approximate correction based on consideration of the degree of 
exposure at any grid point could be applied to the wind speeds determined 
in the free-air. 
The manner in which the variations in summer wind speeds, 
(for use in turbulent heat exchange calculations), over the altitude 
matrix were estimated is discussed with reference to the Nupur area. 
First an appro.ximate relation of summer wind speed with altitude wae 
developed using serological data. In Iceland a number of measurements 
of wind speed variation in the free air have been made at Adalvik, 
Akureyri, Reykjavik and Keflavik. Although these measurements are for 
differing and rather short durations, a general trend of increasing 
wind speeds with altitude can be discerned (Fig. 6,14). The mean 
-1 gradient of wind speed increase with altitude is taken as 0·142 ms. 
per 100 m. Using this gradient and the appropriate long-term, 
monthly wind speed value at the Nupur base station, Thorustad'ir (Fig. 
6.ld), the mean monthly wind speed at all points of the matrix can 
be determined. 
·The wind speed values determined from free-air observations 
are then modified for the effect of local topography by consideration 
' of the degree of exposure present at all grid intersections of the 
altitude matrix~ The exposure at any grid point is determined by 
examining each successive point (within a radius of 1 km) for all 
directions of wind flow.,in turn, to see if there is any land higher 
than the point in question. The monthly wind speed is then reduced 
according to the degree of exposure in relation to the frequency 
of the winds from different directions. Thus, if the point lies on 
the summit plateau and is totally exposed to all directions of wind 
flow, then there is no reduction in wind speed from the value deter-
mined by free-air considerations; if, for example, the point is blocked 
by higher land in the north (summer wind frequency of 6%) and north-
east (summer wind frequency of 23%) the mean velocity is reduced by 
29%. In this manner, it is found that major concavities such as 
cirques, which may be sheltered from winds in three cardinal directions, 
will experience wind speed reductions of 60-70%, 
The computations for wind speed reduction according to 
exposure and regional wind direction need only be done once for a 
particular area. In the program GSPl, they are, thus, carried out by 
the subroutines WEXP and TFGW at the start of the program, prior to the 
calculations for monthly climate and mass balance. The results from 
these subroutines are stored in the matrix WRED (I, J). Th~ 
:) 
) 
variation of mean wind speeds for January and July over the central 
Nupur matrix are shown in Fig. 6.15, 
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FIGURE 6.1 
Variability of Basic Climatological Elements at Thorusta~ir (1931-60), 
Source: Ve3:rattan, 1931-60. Monthly and yearly summaries from the 
Icelandic Meteorological Office. 
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FIGURE 6.6 
May and July Air Temperatures Over the Central Nupur Matrix 
as Det~rmined by the Subroutine MTEMP. 
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FIGURE 6, 7 
(a) Precipitation - Altitude Relation in the Area Around Lake Hvalvatn 
(S.W. Iceland). 
(b) Location of Precipitation Stations. 
Source: Ved'rat,tan (1950-1971). Icelandic Meteorological Office. 
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FIGURE 6.8 
Modification of Annual Precipitation Amounts According to Slope 
Aspect in Relation to Prevailing Wind Direction for the Nupur 
Area. (see text for explanation). 
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FIGURE 6.9 
Mean Monthly Contribution to the .Annual Precipitation at Thorusta5ir. 
Source: Icelandic Meteorological Office. 
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FIGURE 6.10 
Relationship Between Coefficients a and b too • Data from Bogdanova (]976). See text for explanation. 
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FIGURE 6.11 
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s 0 N D 
Comparison of Measured and Estimated (from total precipitation) 
Snow Depths at Akureyri and Thorusta~ir (1976) . 
• Note: the difference appears to be due to an unusually large proportion 
(75%-eS%} of measured precipitation being classified as 'sleet'~ 
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FIGURE 6.12 
January and October Snowfail Over the Central Nupur Matrix 
a.~. Dete~mined by the Subroutine MSNOW. 
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FIGURE 6.13 
Frequency of Winter (Nov-Apr) Wind Direction (1931-60) in N.W. VestfirJir. 
Source: Ve~rattan: Icelandic Meteorological Office. 
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FIGURE 6.14 
Aerological Wind Speed - Altitude Relationships in Iceland 
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FIGURE 6 •. 15 
January and July Wind Speeds Over the Centra.l Nupur Matrix 
as Determined by the Subroutine MWIND. 
CHAPTER VII 
SNOW ACCUMULATION AND DENSIFICATION 
Following the specification of topographic and climatic 
inputs, the mass balance processes need to be modelled. As noted 
in sec. 2.3.3,in order to develop a model of general applicability 
and to obtain a clearer understanding of the factors controlling 
glacier mass balance, individual consideration of the accumulation 
and ablation processes is necessary. 
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The spatial variation in snow and ice accumulation due to 
such processes as snow drifting, avalanching and changes in densifi-
cation of the snow material are dealt with in this chapter. Those 
processes resulting in the ablation of snow and ice are considered in 
the succeeding chapter. 
7.1 Characteristics of Snow Accumulation 
7 .1.1 Previous Studies 
A characteristic of snow accumulation in mountainous areas 
is its extremely local distribution. Substantial differences in snow-
cover over short distances arise as a result of complex interactions 
between local winds and topography resulting in the redistribution of 
snowfall. A recognition of the highly variable nature of snow accu-
mulation has led Meiman (1968, p.35) to comment that snow accumulation 
"is probably the weakest link in our knowledge of the snow hydrologic 
cycle". 
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The camp lexity of snow transport and deposition processes 
prevents a complete physical understanding of snow cover variations. 
Out of necessity, therefore, researchers have resorted to the use of 
empirical relations (established through standard regression 
techniques) to define the spatial distribution of snow accumulation. 
These relationships make use of the association between snowcover 
and various physiographic and meteorological factors, including 
altitude, gradient, aspect, vegetative cover, snowfall amount, air 
temperature, wind speed and direction. 
The influence of these factors on snow accumulation varia-
bility at the meso- or local-scale has been examined by a number of 
researchers. Meiman (1968) provides a comprehensive review of the 
North American literature concerned with the role of altitude, slope 
aspect, and forest vegetation on snow accumulation. Among the studies 
emphasising the influence of terrain characteristics, he quotes the 
work of Mixsell et al. (1951); Grant and Schleusener (1961); Leaf 
(1962); Court (1963); Anderson and West (1965); and Gary and Coltharp 
(1967). In this respect the work of Salamin (1961), Anderson H.W. 
(1968), Golding (1970), and Super (1971) is also relevant. 
The important effects of altitude and aspect for snow accu-
mulation have also been examined by the snow investigations from the U,S, 
Army Corps of Engineers (1956) while Kuzmin (1963) has emphasized the 
interactions of terrain and wind in establishing snow accumulation 
patterns. A recent review of the factors affecting snow accumulation 
and distribution has been undertaken by Gray et al. (1979). 
Many of these studies have observed linear associations 
between snow accumulation and altitude. However; large variations are 
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encountered in the rates of snow accumulation increase, due to 
variations between major physiographic areas and also spatial and 
temporal variations within a given area. Some researchers have 
attempted to improve the correlations by including other terrain 
features. Young (1974 b, 1976), for example, has suggested the use 
of a regression equation based upon altitude, gradient, and local 
relief to estimate snow accumulation at each point of a grid covering 
a given area, with sampling points chosen to cover the ranges of 
these variables as wei! as possible (sec. 3 .1). 
These studies of snow accumulation related to physiographic 
and other environn1ental factors provide little in the way of physical 
understanding of the spatial variations in snow accumulation. For the 
development of a model of general validity, therefore, it is important 
to consider the main processes responsible for snow cover variations 
(sec. 3.4). 
7 .1. 2 Accumulation Processes 
Glacier accumulation in mountainous areas can be regarded 
as the result of the following processes: 
Accumulation = snowfall + wind-drifted snow 
~ snow avalanching from adjacent areas 
+ condensation of atmospheric moisture 
onto the glacier surface (rime; hoar-frost) 
+ formation of superimposed ice (freezing 
of rain and meltwater). 
With the limitation of this study to a consideration of 
'temperate' glaciers at pressure melting point throughout (sec. 1.4), 
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the role of rime and superimposed ice is not considered to be 
important for glacier mass balance. This simplification is justified 
to some extent by field studies of temperate glaciers which reveal 
the contribution from these two processes to be negligible (e.g. 
Meier and Tangborn, 1965). 
Glacier accumulation on local glaciers in temperate mountain-
ous regions is, thus, considered to be a function of the variations 
in solid precipitation, snow drifting and avalanching. It was noted 
earlier (sec. 3.1) that the redistribution of fallen snow by wind 
drifting exerts an important control on the asymmetry of local glacier 
distribution. Numerous studies of mountain glaciers, with reference 
to their local climatic and geomorphic environments, further reveal 
the great extent and importance of wind-blown and avalanche-transported 
snow for glacier-feeding. 
Dolgushin (196la), for example, noted that many cirque 
glaciers in the Urals owe their existence completely to wind drifted 
and avalanced snow. As a result these 'Ural-type 1 glaciers are 
situated well below the theoretical snowline. Such glaciers have also 
been identified in other parts of the U.S.S.R., viz. Altai, Eastern 
Siberia and Caucasus. On the glaciers in Zailiysky Alatau it is 
. 
estimated that 15 to 20% of the accumulation is brought in from the 
surrounding slopes (according to Soviet researchers quoted by Hoinkes, 
1964). 
Kotlyakov (1973) reported the results of snow accumulation 
measurements on mountain glaciers in the Polar Urals, Caucasus and 
Pamir-Alai. He noted that snow drifting increases accumulation by 
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about 15% on valley glaciers and by more than 50% on c1rque and slope 
glaciers. While it is difficult to distinguish between the relative 
contributions of snow drifting and avalanching, (especially since 
snow drifting is a most important factor for avalanche formation), 
Kotlyakov suggested that the share of glacier feeding by avalanching 
is about one-third of that by snow drifts. The important role of 
avalanching for mountain glacier nourishment in the Soviet Union has 
also been discussed by Iveronova (1966), Lossev (1967), Tushinsky (1975) 
and Zalikhanov (1975).' 
Studies of local glaciers in the :U.S.A. also emphasise the 
importance of snow drifting and avalanching for glacier mass balance. 
For example, mass balance studies on glaciers in the North Cascade 
Range (Washington), revealed that between 15-35% of the total mass 
influx is due to snow drifting and avalanching (Tangborn et al., 1977; 
Dethier and Frederick, 1981). For glaciers in the Colorado Front Range, 
Outcalt and MacPhail (1965) estimated that the contribution of drifted 
snow to be between four and eight times the regional snow precipitation. 
Clearly, then, a consideration of snow drifting and avalanching 
is important for the modelling of glacier mass balance in mountainous 
areas. The complex nature of snow transport and deposition processes 
and the large number of factors affecting these processes, however, 
defy the development of a generalised, physical-based mathematical 
model of snow cover accumulation. In view of this, the modelling of 
the snow accumulation processes in this study is based on rather gene-
ralised and deterministic relations (sec, 4.3.3). In particular, the 
close control of the accumulation processes by the input topographic and 
climatic variables is emphasised in the modelling approach (sec. 3.4). 
The manner in which the initial snowfall distribution 
was determined has been discussed in sec. 6.4. The modelling of 
snow drifting aild avalanching, with respect to the Nupur area, is 
discussed in the two succeeding sections. 
7.2 Snow Drifting 
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.Snow drifting takes place 1n its most complicated form in 
mountainous areas, where wind speed and direction, local topography, 
and the properties of snow cover are most variable. The mechanics 
of snow drifting have been reviewed by Mellor (1965), Oura et al. 
(1967), and Radok (1977); while Kuzmin (1963) has examined the inter-
actions between local topography and wind speed in controlling the 
transport and redistribution of snow. 
7.2.1 Identification of Snow Drift - Erosion and Deposition Areas 
Snow drifting may result in a decrease or increase of snow 
cover depending on the local wind speed which,in.turn, is determined 
by local obstructions to air flow (sec. 6,5), In general, wherever 
surface winds increase, as on the crest of a ridge or plateau, erosion 
occurs. Conversely, wherever winds decrease, as on the lee side of 
ridges, along plateau margins, or in suitable depressions, snow is 
deposited by the air stream, 
A first consideration in the redistribution of snow by wind 
drifting is the identification of potential snow-drift source areas. 
An examination of the Nupur area (Fig. 4.8) reveals the presence of 
extensive plateau remnants which 'can be expected to act as snow-drift 
catchment areas. The occurrence of high wind speegs on these exposed 
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summit areas would lead to the drifting of snow in the direction of 
the prevailing winds and its deposition on the sheltered leeward 
slopes along the plateau margins. The latter would, thus, become the 
main areas for the collection of snow-drift and the formation of 
avalanches (sec. 7.3). 
The distribution of the potential drift-source areas, in the 
form of summit plateau remnants, in the Nupur area can be determined 
by considering the degree of exposure present at every grid point (e.g. 
by using the subroutine TPGW) or, more simply, by using a combination 
' 
of altitude and slope gradient threshold values, as has been done in 
Fig. 5.28 (sec, 5.6), 
Apart from favourable topographic location, a number of 
other conditions need to be fulfilled before snow drift can occur, as 
has been pointed out by Pugh and Price (1954). Firstly a sufficient 
thickness of snow must be present to even out the surface irregularities 
on the plateau. Only after the plateau surface becomes aerodynamically 
smooth, can it be expected to act as a supply area for drifting snow. 
From field observations of the plateau sumnit in the Nupur area (Fig. 
3.4) it was estimated that an average snow thickness of about 0.5 m. 
is necessary for the minor roughness to be filled in. However, following 
validation procedures (chap. IX), this critical snow thickness value 
.was set at 0.3 m. Thus, in the mass balance model, the snow cover due 
to previous accumulation (given by matrix TDEPTH(I, J)) and the current 
month's snowfall (in matrix SNOW (I, J)) must exceed 30.0cm. before 
any snow drift can occur. 
A further condition for appreciable drifting is that the 
snow must be dry. Thus, snow drifting is only considered to be 
2lJ 
important at grid points with mean monthly temperatures of less than 
0 
or equal to 0 C. This is because at below freezing temperatures, 
the inter-particle cohesive forces in newly fallen snow can be considered 
negligible, resulting in snow transport with low wind speeds. 
Related to this factor is the condition that before any movement of snow 
can occur, the wind must attain a suitable threshold shear velocity to 
overcome the snow particle weight and the inter-particle cohesive forces 
(Schmidt, 1980). This critical velocity is highly variable depending on 
' the size, shape and weight of the snow crystals and the cohesive forces, 
the latter being dependent on the wetness of the snow. This aspect of 
the critical wind velocity needed to initiate snow transport is discussed 
further in sec. 7.2.2. 
Any grid point which satisfies the above condition in the 
altitude matrix can be identified as a drift-erosion point. The next 
step is to determine the location of the grid points receiving snow-
drift. In the first instance the snow from the drift-erosion points 
is considered to be transported to the slopes at the plateau margins, 
leeward to the actual distribution of wind directions. In theory, then, 
(given the variable direction of winds at the plateau) all the points 
lying adjacent to the plateau edge can be considered as potential drift-
deposition points. These points are identified by means of the subroutine 
DEP which considers each point in the altitude matrix (with the exception 
of those forming the plateau remnants) to determine if any of its eight 
neighboring points lie on the plateau. 
Following the determination of the drift-erosion and potential 
drift-deposition points, a simple line-printer map (optional) c.an be 
constructed to depict the drift-situation at each point of the altitude 
matrix (Fig. 7.1). 
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7.2.2 Determination of the Amount and Direction of Snow Drift 
The next stage in the determination of the snow drift pattern 
is concerned with estimating the amount of snow drift received by the 
potential drift-deposition points in any given month. In view of the 
lack of data on local wind conditions (sec. 6.5), a number of simplifying 
assumptions are necessary for computing the amounts of drifted snow. 
(i) It is assumed, that the winds on the plate au, during the 
winter months, blow long enough and with sufficient intensity to 
remove all the fallen snow above a thickness of 0.3 m. This assumption 
is justified for the Nupur area in the following manner: 
Snow drift measurements reveal that an initial wind velocity 
of around 3 to 5 m.s~1 (at the 1 m. level) is necessary to initiate 
snow transport (Kuzmin, 1963; Mellor, 1965; McKay, 1968). Furthermore, 
a number of empirical formulae relating snow drift transport to wind 
speeds have been published. For example Kuzmin (196) p.30) lists the 
relationships derived by Mel'nik, Dyunin and Komarov. The results 
obtained from these relationships compare closely with total drift 
transport calculated from theoretical considerations (e.g. using the 
theoretical model of Dyunin, quoted in Kuzmin, 1963 p.33) and with 
other empirical measurements (e.g. Imai, 1969). However differences 
in snow drift transport estimated from published empirical formulae 
can arise because of the different snow conditions and stages of deve-
lopment at the various localities that snow drift measurements were 
made (Take~chi, 1980). 
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In the following discussion reference is made to the widely 
used relationship developed by Komarov, which expresses the total 
drift intensity of a snow wind current, in an infinite vertical layer, 
. -1 . . -1 Q 1n g. em. m1n. as a function of the wind velocity, at the one 
metre level, U in m. s -1 
Q = 0·0065 u3' 5 - 0·4 
Using this relationship to express the total drift transport intensity 
of blowing snow from the plateau areas, the approximate time for which 
winds of a certain force need to blow to remove all the monthly snowfall 
accumulated in any given month, can be estimated. 
An examination of the drift source plateau areas in Nupur 
(Fig. 4.8) reveals that the maximum distance the snow has to be drifted 
in any given direction to reach the plateau margins is about 2·0 km. 
From sec. 6.4, it can be estimated that the maximum monthly snowfall 
in any winter at the level of the plateau is about 22·0 em, Further-
more, although measurements of wind speeds at the plateau are lacking, 
records of wind speeds at the base meteorological station indicate that 
extremely high wind speeds are common in N.W. Iceland. For example, 
the average number of days (mean for 1931-1960}, that wind speeds 
over or equal to 9 Beaufort (i.e. 22·6 m. s-1) were recorded at 
Suaureyri (Fig. 6.13) is 15·6 per year, 12·1 of which occurred during 
the winter months (Eythorsson and Sigtryggsson, 1971 p.44). The 
frequency for days with high wind speeds at the level of the plateau 
summits can clearly be expected to be much greater than that recorded 
at this low-lying base station, 
-3 Now the rate at which the snow surface (of density e g.cm ) 
over a plateau of length (L em) is lowered by snow drifting with an 
-1 . -1 intensity of Q g. em. m~n can be expressed as: 
dh 
= dt 
_q__ 
L.e 
. -1 
cm.m~n 
The time (t) taken to remove a snow cover thickness of h em is given 
by: 
t = L.e .h. Q min. 
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-3 Taking the density of settled snow as 0·25 g.cm the maximum plateau 
length as 2•0 km, and the snow depth as 22•0 em, the approximate time 
taken to remove all the accumulated snow on the plateau remnants with 
wind -1 speeds of 22·6 m s can be estimated as: 
t 
. 5 
2·0.10 .0·25.22·0 
J·S (0•0065.22·6 ) - 0·4 
51 hours (i.e. for approximately 7·1% of the month) 
In view of the above comments, the plateau summits in Nupur 
are likely to experience high wind speeds for periods of longer duration 
than necessary for the crnnplete removal of the monthly snowfall. 
Furthermore, wind speeds of lower than 22•6 -1 m. ~ but of sufficient 
intensity to enable snow drifting (i.e. > 3 -1 m. s ) can be expected to 
occur for longer durations. 
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For example, free air observations during the winter months 
(1921-1933) at a level of about 1000 m. over Reykjavik reveal that wind 
speeds of around 4'7 ms-1. were observed for '*5•8% of the time, 11•1 ms-l 
for 40•0%, and 18·0 ms-l for 11·3% (U.S, Hydrographic Office, 1943) 
There may>however,be systematic differences between ground conditions 
and free air observations. If these values are used to calculate the 
potential snow drift from the Nupur plateau summits, it is estimated 
from the above relationships that about 26·2 em. of snowfall can be 
removed each.month. This is greater than the monthly snow accumulation 
of 22·0 em expected on the plateau areas of Nupur. It can, thu~, be 
safely assumed, from the above considerations, that the monthly snowfall 
from the plateau remnants is all removed by snow drifting. 
(ii) The second assumption refers to the amount of snow sublimated 
during snow drifting. Some studies on snow transport have indicated 
that, under certain conditions, a large proportion of the snow may 
sublimate when it is transported by wind (e.g. Santeford, 1972; 
Tabler and Schmidt, 197 3; Tabler, 1973; Meiman and Grant, 1974), 
The average distance a snow particle travels before it completely 
sublimates is referred to as the "transport distance", Rm (Tabler, 1973, 
p. 75). Schmidt (1972) has developed a sublimation model of wind -
transported snow which examines all the factors contributing to the. 
sublimation of a single blowing particle. Based on this model Tabler 
and Schmidt (1973) presented a method of calculating the transport distance 
(Rm in metres) using the following relation: 
R = 
m 
0·715 (~2 - 5·87) ~3 
(d /d ) 
m t -
X 
where (d /dt) is the average sublimation rate of a 
m -
X 
snow particle of average diameter,~ (in em). 
u2 is the average wind speed at the 2 m level 
- (. -1) ~n m. s , 
(dm/dt)- is calculated from the following equation: 
X 
-4 - -8·95,10, x(l+37x)(l-RH/100) 
-7 -2 
+ 5•22,10 (85•6-T) x .S 
T2 - 8·2T + 254 
where RH is the relative humidity (%) 
T . h . (°C) _ ~s t e a~r temperature 
-2 -1 S ~s the solar radiation (cal, em. hr. ) 
x is the average sublimation particle diameter (em). 
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The above relations were used to estimate R for drifting snow, 
m 
on the plateau remnants of Nupur, during the winter months(November to 
April). The·mean monthly winter conditions,necessary for calculating R 
m 
were specified by data for the following: RH (provided by the Iceland 
Meteorological Office), T (estimated from the method described in sec. 
6.3) and S (from Einarsson, 1969). i was taken as 0·05 em (being the 
average size of snow particle drifted according to Kuzmin, 1963; Mellor, 
1965). Using the appropriate values for each winter month the average 
sublimation rate for drifting snow in the Nupur area was determined to 
-8 0 
vary from 9• 736.10 (for November with a mean temperature of -2 ·1 C) 
-8 0 to 8·723.10 (for February with a mean temperature of -5·2 C). 
) 
) 
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By substituting these sublimation rates into the equation for 
the determination of Rm, the variation of the average transport distance of 
drifting snow particles (R in metres) ~n the Nupur area can be 
m 
- -1 
expressed as a function of the mean wind speed (u2 in m.s. ). This 
relation is depicted for each winter month in Fig. 7.2. It can be seen 
-1 from this figure that, with wind speeds of 8·0 m.s. and above, the 
sublimation of snow particles being drifted to the plateau margins 
(max. distance of transport being about 2·0 km) is likely to be low. 
The consideration of sublimation of snow particles during drift-
transport is, thus, left out of the mass balance model. However, sub-
lintation losses could still occur, during periods of high intensity 
winds, by some snow being blown beyond the areas immediately leeward 
of the plateau margins into lower levels with higher temperatures. 
Studies of wind blown snow in Central Colorado (Santeford, 1972; Meiman 
and Grant, 1974) indicate that considerable amounts of snow may be lost 
by being transported over the ridgeline. The proportion of drifted 
snow sublimated in this manner is, however, difficult to estimate with-
out continuous measurements of wind speeds and snow drift intensity 
at the plateau edge. Following model validation procedures (chap. IX) 
such losses of snow are set at about 20% of the total snow drifted from 
the plateau drift-source areas. 
(iii) The third assumption is concerned with calculating the amount 
of drift received at the potential drift-deposition points. Now the 
direction and amount of snow drifted from each of the drift-erosion points 
will be controlled by the local wind speed and direction during the period 
of snow drifting. Lack of any short-term data on wind conditions and 
snow transport, however, mak~it impossible to develop any specific 
relations between snow drift intensity and wind speed and direction. 
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For the computation of monthly totals of snow drift, it is 
assumed that the amount of snow drifted in any particular direction is 
directly proportional to the frequency with which winds are estimated 
to blow in that direction during the winter months (Fig. 6,13). It is 
conceivable, however, that the snow drift pattern in a particular month 
could be determined by the occurrence of high-intensity winds from one 
dominant direction leading to the drifting of all accumulated snowfall. 
Consequently for the remainder of the month, little or no snow may be 
available for drifting with winds from other directions. Clearly, this 
problem cannot be resolved without information on the relative timing 
of snowfall and the occurrence of high intensity winds within a given 
month. It seems reasonable to assume, however, that the snow redistri-
bution pattern at the end of the accumulation season should bear a close 
resemblance to the relative frequency of winds from different directions; 
if not in a single season, at least as a long term average. 
Having considered th.e basic assumptions in the calculation of 
snow drift, the amount of snow received at each drift-deposition point 
is determined by the subroutines MDRIFT and DRWIND in the following 
manner. Taking each drift-deposition point in turn, the subroutine 
MDRIFT considers snow drifting from grid points on the plateau remnants 
in all possible directions (maximum .of eight for a drift-deposition 
point completely surrounded by drift-erosion points). For each drift-
direction the subroutine DRWIND calculates the amount of snow drift 
received from each successive drift-erosion point on the plateau, in 
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accordance with the frequency of winds from that direction, until there 
are no further grid points contributing snow drift or the limit of the 
study area is reached (Fig. 7.3). The total snow-drift received at each 
drift-deposition point, from all possible directions, is shown by the 
matrix DRIFT (I, J). 
A check on the calculation of monthly snow drift is provided 
in the subroutine MDRIFT, by computing the total amount of snow being 
drifted off the plateau remnants (TPL), excluding the portion lost 
through sublimation,the total amount of snow received at the plateau 
margins by the drift-deposition points (TDR), and the amount of snow 
drifted outside the study area limits (OUTDR). 
It was attempted, as far as possible, during the construction 
of the altitude matrix to reduce boundary effects by considering whole 
mountain ranges. In the Nupur area, however, the extension of the plateau 
remnants beyond the southern and western margins (Fig. 5,28) would lead 
to some inaccuracy in the calculation of snow drifting. An estimation 
of the boundary effects on snow-drift computations was made for the 
'test' matrix by calculating the difference between the total snow 
drifted from the drift-erosion points (using a value of 3,0,0 em for 
TDEPTH) and that received by the drift-deposition points within the 
study area (Table 7.1). It can be seen that, for each of the drifting 
months, the portion of snow drifted to points outside the study area is 
less than 10%. The average is 9.0, and thus the effect of the study 
area boundary on the determination of glacier mass balance is considered 
small. 
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The monthly snow cover at all grid interactions of the altitude 
r 
matjx, following redistribution of initial snowfall by snow-drifting, is 
recorded in the matrix SNOWl (I,J). Fig. 7.4b illustrates the effect 
of this redistribution in the 'test' matrix for the drifting of initial 
snowfall during February (Fig. 7.4a) to the leeward slopes at the plateau 
margins. The computational procedures for the determination of the 
monthly show drift pattern are sununarised in Fig. 7.5. 
7.3 Snow Avalanching 
7.3.1 Characteristics of Snow Avalanching 
Following the redistribution of initial snowfall by wind 
drifting, consideration is given to the effects of snow avalanching. 
Snow avalanches have been studied from many aspects and basic 
information on their characteristics, classification, mechanics, control, 
forecasting and protection can be found in the monographs by Mellor, 1968; 
Castelberg et al. (Eds.), 1975; and Perla and Martinelli (1976). TI1ese 
aspects have also been discussed at a number of international symposiums 
held at Davos, Switzerland (I.A.S.H., 1966); Cambridge, England (Inter-
national Glaciological Society, 1977); Banff, Alberta (Perla, ed. 1978); 
and Fort Collins, Colorado (International Glaciological Society, 1980a). 
A useful bibliography of recent non-Russian avalanche literature (1950-
1977) has been compiled by the World Data Center A for Glaciology 
(Shartran (Ed.), 1977). 
In order to permit some degree of avalanche prediction and 
control, a number of investigators have attempted to analyse the 
quantitative relationships existing between terrain, climate, snow cover 
properties, and avalanche formation (e.g. Judson and Erickson, 1.973; 
Armstrong and Ives, 1976), However, such attempts are complicated by 
the great number of factors controlling avalanching occurrence. 
The magnitude, frequency and timing of avalanches, at a 
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given site, is largely a function of the meteorological variables (e.g. 
snowfall rate and amount, wind speed and direction, air temperature, 
insolation etc.) which interact with the local topography to determine 
the character, thicknes~ and state (e,g, density, free-water content, 
porosity and friction) of the snowpack and therefore its strength and 
stability. In spite of the great deal of attention devoted to avalanche 
studies, the variable and complicated nature of the relationships 
existing between these controlling factors has meant that "even the most 
fundamental measures of a snow avalanche remain uncertain" (Perla, 1980 
p.457). 
The determination of the location and timing of a particular 
avalanche event would necessitate the excavation of snow pits to examine 
the stability conditions of the snow-pack under specified topographic 
and meteorological conditions. However, such an analysis is not possible 
in the present study due to the generalised nature of the climatic input 
variables in the mass balance model. In any event, the main concern in 
this aspect of the model is to (i) identify the potential avalanching 
sites together with the areas in which the avalanched snow could be re-
located, and (ii) estimate the amount of snow being avalanched from, or 
received by, any grid point in the altitude matrix within a particular month. 
The controls of snow avalanching vary according to the type of 
avalanche being considered. While a variety of avalanche types have 
been distinguished according to several classification schemes (de 
Quervain et al., 1973), observations of snow avalanches suggest that 
direct-action avalanches (in the form of dry loose-snow and soft slab 
avalanches) are pr~dominant in mountainous areas (Judson, 1967; Barbat, 
1973; Abbi and Pareek, 1974). 
An analysis of snow avalanches in Iceland by Jonsson and 
Rist (1971), Rist (1975), and Bjornsson (1980) reveals that Vestfirc\'ir 
' and Trollaskagi (the two regions in which the study areas of Nupur and 
Thvera are situated) are the main areas of avalanching in Iceland. 
The majority of avalanches in these regions consist of dry snow and 
occur during the winter months (Nov. -April). They are associated with 
the occurrence of high wiU:ds and moderate snowfall (10-25 mm.d-1). 
Direct-action avalanches usually occur during snowfall or 
within the following few days. Thus, with the determination of snow 
redistribution by avalanching over monthly periods in the mass balance 
model, the actual timing of avalanche events does not form an important 
consideration and the avalanche events in any particular month can be 
r 
assumed to be related to the snowfall occurJng within that month. 
A further characteristic of direct-action avalanches is their 
low degree of internal cohesion and, as a first approximation, failure 
can be assumed to occur for many areas when the angle of repose is 
exceeded (Perla, 1980). This points to a close correlation between the 
occurrence of direct-action avalanches and local terrain features, 
especially the 'critical slope gradient for avalanching'. 
) 
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Local terrain factors exert an important control in delimiting 
the spatial distribution of snow avalanches (Schaerer, 1972; Akifeva and 
Kravtsova, 1973; Martinelli, 1974; Luckman, 1977), Many researchers have 
examined the relation between slope gradient and avalanche formation. It 
has been established that the optimal gradient for the development of slab 
avalanches lies between 25 and 50°, particularly between 30 and 45° 
(Fraser, 1966; Judson, 1967; Mellor, 1968, Maksimov, 1969; Schaerer, 1972; 
Martinelli, 1974; de Quervain, 1975; Mears, 1976; Perla and Martinelli, 
1976; Bjornsson, 1980). ' On slopes steeper than about 45°, snow tends to 
sluff off soon after falling and the development of loose-snow avalanches 
is corrnnon. Thus we are not concerned·with an upper gradient limit and in 
general avalanches initiated on starting zones steeper than about 30° will 
tend to run through over track gradients of about 15-25° and the snow will 
be deposited in runout zones with gradients of less than 15°, 
Apart from suitable slope gradient, another important consideration 
for avalanche formation is a sufficiently thick snow cover. For a given 
site, the depth of snow accumulation has to cover the surface obstacles on the 
slope before avalanching can occur. On non-vegetated smooth slopes direct 
action avalanching is usually associated with a snow cover thickness of 
about 30 em (Akkouratov, 1966). Observations by de Quervain (1975) suggest 
that a thickness of new snow of about 10-30 em is sufficient for frequent 
0 loose-snow avalanching on slopes greater than 45 , 30-50 em of snow for the 
0 development of local slab avalanches on slopes of greater than 35 and a 
snow thickness of greater than 50 em for widespread slab avalanching on 
more gentle slopes of between 25-30°. 
In general, then, a combination of steep slopes and adequate 
snowfall will result in avalanching. One topographic situation in 
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which these conditions are commonly met is on leeward slopes adjacent 
to ridge or plateau margins, where large amounts of snow may be 
concentrated by wind drifting (as in the Nupur area). In such situa-
tions snow cover distribution by wind becomes the leading meteorolo-
gical factor for the formation of avalanches (Akkouratov, 1966; Kotlyakov 
and Plam, 1966). In addition to snow drift accumulation, the lee 
slopes are often overhung with cornices which fall and provide effective 
triggers for avalanching on the lower slopes, 
7.3.2 Determination of Snow Cover Distribution by Avalanching 
From the above discussion (sec. 7.3.1) it can be seen that, 
as a first approximation~ the redistribution of the snow cover by 
avalanching can be determined through the use of suitable threshold 
terrain and snow cover conditions. 
Following a similar approach to that adopted in the calcu-
lation of snow drifting (sec. 7.2), the grid points satisfying the 
conditions for snow avalanching and snow deposition are identified in 
the matrix AVAL (I, J). In any particular month, the snow is consi-
dered to avalanche from those grid points which fulfill any of the 
following conditions: (i) gradient greater than 45° and snow depth 
greater than 10 crrt; (ii) gradient between 35-45° and snow depth greater 
than 30 em; (iii) gradient between 25-35° and snow depth greater than 
50 em. These threshold values can, to a certain extent, be verified 
by use of equations relating to the stability of snow deposits on 
slopes (e.g. Kuroda 1967). However the great variability found in 
the shear strength of snow under different conditions, together with 
') 
the effects of snow metamorphism in changing the mechanical strength 
of the snow deposit, prevent a more general treatment of factors 
affecting snow stability and the occurrence of avalanching. As a 
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first approximation, then, the above enwirically-based threshold values 
of slope gradient and snow thickness are used in the mass balance model 
to locate the sites of snow avalanching. Avalanched snow is considered 
to be deposited at those grid points which have gradients of less than 
15°, or which form major concavities (sec. 5,6ii). 
A simple line-printer map (optional) depicting the avalanche 
situation, in terms of the points from which the snow is being avalanched, 
potential sites for the deposition of avalanche snow, and points not 
relevant for the computation of avalanching, can be produced for the 
particular month under consideration (~ig. 7.6). 
The redistribution of the snow cover by avalanching is then 
determined by the subroutines MAVAL and AVDIR in the following manner. 
Taking each avalanching point, in turn, the subroutine AVDIR is used 
to determine the amount and direction of avalanched snow. From the 
point of avalanching, the snow (that part above 10 em depth; the 
remainder is left to cover minor irregularities of slope) is considered 
to be transported to an adjacent grid point in a direction given by 
the aspect of the maximum gradient at the avalanching point. If 
the point receiving the avalanched snow also satisfies the avalanching 
conditions, then the snow is further transported to next grid point 1n 
line with the aspect of maximum gradient at the second avalanching 
point. The snow will continue to be avalanched in this manner until 
(a) a grid point satisfying the conditions for snow deposition is 
reached or (b) the limit of the study area is reached. Some of the snow 
may be lost by sublimation during the transportation process, by being 
1 
1 
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blown to lower levels. This loss was set at about 20% following 
validation procedures (chap. IX). 
A check on the calculation of monthly snow avalanching 
~s provided in the subroutine MAVAL by computing the total snow being 
avalanched (AMAV),the total amount of snow being received by the 
deposition points (AMDP),and the portion transported outside the 
study area (OUTSN). 
As in the case of snow drifting, the boundary effects on mass 
balance computation are considered slight in Nupur since, for all 
avalanching months, the quantity of snow transported outside the study 
area was less than 10% of the toal snow avalanched (Table 7.2). 
The snow cover at each grid point following redistribution 
by avalanching is recorded by the matrix SNOW2 (I, J). The sequence 
of snowfall+ drifting+avalanching is illustrated in Fig.7.4 for the 
1 test 1 matrix. 
A particular avalanching situation deserves special consi-
deration. The avalanching routine, described above, is concerned 
with the determination of snow cover distribution by avalanching 
following the consideration of snow drifting effects. In the Nupur 
area this does not create any problems since all potential avalanching 
points lie below the summit plateau r~nnants important for snow drifting. 
However, in other alpine areas, potential avalanching sites may also 
exist above the level of snow drift areas (e.g. in the case of mountain 
peaks). Snow avalanched from these sites may be initially deposited in 
areas acting as sources for snow drift and subsequently be drifted to 
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the leeward slopes (when conditions suitable for snow drifting occur), 
where it may be involved in further avalanching. Snow avalanching 
from such grid points, lying above potential snow-drift areas, needs 
to be considered prior to the computation of snow drifting. 
Separate avalanche routines (MDAVAL and PLAV) were thus 
developed to compute the amounts of avalanched snow being received by 
potential drifting points. These routines are placed before the 
' drifting routine (MDRIFT) and the main avalanching routine (MAVAL) in 
the mass balance program. 
7.4 Densification·of Glacial Material 
Following the determination of snow cover distribution by 
the snow accumulation processes, an important consideration in the mass 
balance model is the determination of the density and water equivalent 
of the glacial material at each grid-intersection of the altitude matrix. 
Density is one of the key indicators of the physical state of 
the glacial material as it is related to grain size, thermal history 
and mechanical properties. It also serves as a useful indicator of the 
gradual development of glacial ice from newly fallen snow. The changes 
in the state of the glacial material (snow+firn~ice) deserve consideration 
in the mass balance model since they affect the computation of the 
energy balance (e.g. through different albedo values for 
snow and ice) and consequently the amount of glacier melting (chap. VIII). 
In the mass balance program (Appendix A) the densification 
procedure is incorporated in the main routine following the determination 
of monthly accumulation at each grid point. Ir is 
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considered in two parts: (a) estimation of the density and water 
equivalent of the 'current' month's snow cover (i.e. the particular 
month being simulated at any given time); and (b) monthly densifi-
cation and changes in state of the existing glacial material at each 
grid intersection of the altitude matrix. 
7.4.1 Density and Water Equivalent·variatiorts in the Current 
Month's Snow Cover 
The initial snow density of freshly fallen snow depends on 
the particular combination of air temperature, crystal form, wind speed 
and the rate of snow deposition. Several investiganrs have attempted 
to link variations in the density of new snow to meteorological (pri-
marily temperature) and topography (primarily altitude) controls (e.g. 
Bossolasco, 1954; Wilson, 1955; LaChapelle, 1962 ; Ma~tinec, 1966; 
Grant and Rhea, 1974). However comprehensive definition of density 
controls has yet to be clearly established, 
The average density of newly fallen snow is usually taken as 
-3 0.1 g.cm Within a few weeks of depos-ition settled snow achieves an 
average density of about 0,25 g,cm-3 (Seligman, 1936). This is confirmed 
by density - age relationships derived from long-term field data 
(Keeler, 1967; Sadvakasov, 1970), Subsequent modification depends on 
site, shelter and local weather conditions, 
Alford and Keeler (1968) note that temperature increases 
tend to increase the instability of the initial crystal forms, resulting 
in the formation of a grain with few crystallographic faces and greatly 
reduced surface area per unit mass. The effect of wind is to increase 
densification by mechanically breaking up the original snow crystals 
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into forms which are more susceptible to close packing. 
The importance of wind packing has been stressed by Seligman 
(1936) who distinguishes between the formation of wind crusts (snow 
deposit packed by wind) and wind slabs (formed by the drifting and 
deposition of snow). The latter are usually involved in avalanching on 
leeward slopes and consist of compact drift with a density of around 
-3 0·3 g.cm • 
Avalanched snow will generally have increased density, 
compared with that subject to wind drifting, depending on the type of 
avalanche. Obs·ervations by Schaerer (1967) of avalanched snow at 
selected sites in Glacier National Park in British Columbia, indicate 
that the density of snow subjected to dry-snow avalanching in winter 
varies from about 0·35 - 0·45. 
In the mass balance model the 111ean density of snow accumulated 
in any particular month is considered to be a function. of the extent 
to which it has been subject to the processes of wind drifting and 
avalanching. At any particular grid point the amount of snow left 
-3 
undisturbed is considered to have a density of 0•25 g.cm , that which 
-3 has been brought in by wind drifting has a density of 0·30 g.cm and 
-3 
any snow received through avalanching is given a density of 0•40 g.cm 
The amounts of snow (thickness in em) received by initial 
snowfall (P), drifting (Pl) and avalanching (P2) are determined by 
reference to the three matrices containing the values of snow cover 
dis-tribution after initial snowfall -_SNOW (I, J); after drifting -
SNOWl(I,J); and after avalanching-SNOW2(I,J), as shown in Table 7.3. 
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The snow cover relations at each grid intersection of the 
altitude matrix must meet one of the eight conditions listed in 
Table 7.3. As an example of this procedure, the number of points 
representing each density category, during the course of mas-s balance 
simulation in the Central Nupur Matrix, for the month of January are 
listed in Table 7.3. A visual check can also be made by producing 
line-printer maps depicting which of these conditions are being ful-
filled at any particular grid intersection (Fig. 7. 7). 
Following the determination of the proportions of snow 
received by snowfall, drifting and avalanching, the ~an water equivalent 
at each grid intersection is computed in the following manner: 
W.E. (I,J) in em= (0•4,P2 + 0·3.P1 + 0·25.P) 
The mean density is given by: 
-3 DENSITY (I,J) in g.cm = W.E.(I,J) 
The matrices SNOWl O:,J) and SNOW (l,J) are converted to 
record the values for the water equivalent and density respectively. 
The variation of water equivalent over the altitude matrix in any given 
month can be depicted by means of line-printer maps (e.g. Figs. 9,1 to 9.13). 
7.4.2 Monthly Densification and Changes in th~ State of Existing 
Glacial Material 
Following the determination of the current month's density 
and water equivalent, consideration is given to the densification of 
the pre-existing.glacial material at each grid point. The water 
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equivalent of the current monthqs snow needs to be incorporated into 
any existing snow, while the monthly increase in densification and any 
changes in the state of the glacial material need to be determined. 
Over time, deposited snow undergoes metamorphism which 
transforms the original new snow into granular firn (density range 
taken as 0·58-0·85) and eventually glacier ice (density 0•85-0·91). 
This transformation results from the interaction of several processes 
which include settling ~nd compaction, sintering, sublimation, recry-
stallisation, movement along the internal glide planes of crystals, 
and refreezing of percolating meltwater. These processes have been 
classified under several types of metamorphic changes affecting the 
densification of snow and ice (e.g, destructive, constructive, and 
melt metamorphism) and have been discussed in detail by several 
researchers (e.g. de Quervain, 1963; Anderson and Benson,, 1963; 
Shumskiy, 1964). 
The net result of these metamorphic changes is a progressive 
increase in the density of the glacial material with time. The actual 
densification rate depends on the climate and type of metamorphism 
involved. However, several studies of density - age relations for snow 
and ice in temperate areas reveal some similarity in monthly densifi-
cation rates. 
Bilello (1967) in an examination of snow cover densification 
at various localities in North America found a mean monthly density 
-3 increase of 0•01 g.cm during the winter months. Much higher densifi-
cation rates are reported during the sunwer months due to fast settling 
rates associated with higher air temperatures and increased refreezing 
of meltwater percolating down from the snow surface. Schytt (1973), 
for example, noted a rapid density increase at the start of the ablation 
season on Storglaciarren (Kebnekaise, Sweden). His observations reveal 
a monthly density increase of 0·046 g.cm-3 month-l during the summer 
months. 
Measurements of density changes in the firn of the Great 
Aletsch Glacier (Switzerland} by Hughes and Seligman (1939) suggest a 
summer monthly densification rate of 0·04 g.cm-3 • Similar densification 
rates during the surrnner months are reported by Sharp (1951) for firn 
on the Upper Seward Glacier (St, Elias Mountains, Canada). 
These measurements of densification rates roughly correspond 
with observations of the time period taken for the transformation of 
snow to ice in temperate glaciers. For example, observations on ice 
formation on the Central Tuyuksu Glacier (Zailiysky Alatau) by 
Makarewich and Tokmagambetov (1961) and on small glacierets in the 
Japanese mountains (Tsuchiya, 1974) reveal that the transformation from 
snow to glacial ice takes about 2-3 years. On Seward glacier, the process 
may take 3-5 years and is accomplished within a depth of about 13 m. 
(Sharp 1951). 
Based on this literature survey, monthly densification rates 
0 -J (f.. ) 0 02 - 3 ( ) d . h . h (. of 0· 1 g.cm 1.rn , • g,cm snow ur1.ng t e w1.nter mont s 1..e. 
0 ~ ~ 
air temperature{, 0 C) and 0·04 g.cm (firn), 0·05 g.cm (snow) for 
the summer months (air temperature > 0°C) are used in the mass balance 
model. The density of snow and firn at grid points where accumulation 
of glacial material .is taking place is adjusted at monthly intervals 
using the appropriate densification rates. Changes in the state of glacial 
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material (snow+firn+ice) are made when it obtains a critical density 
of 0·58 (for firn) and 0•85 (for ice). 
The density and water equivalent of any snow, firn and ice 
present at each grid intersection~r~ recorded in the matrices-DSNOW 
(I,J), WSNOW (I,J), D,FIRN (I,J), WFIRN (I,J), DICE (I,J) and WICE (I,J). 
These aspects of monthly densification and changes in the state of 
glacial material are carried out in the main routine 
' 
of the mass balance program. (Appendix A). 
TABLE 7.1 
Effect of Study Area Boundary on Snow Drift 
Computation (Central Nupur Matrix) 
Month TPL(cm)· TDR(cm) OUTDR(cm) % OUTDR 
October 1576.7 1458.4 118.3 7.5 
November 10101.8 9172.6 929.2 9.2 
December 10657.6 9674.7 982.9 9.2 
January 12136.9 11015.5 1111.4 9.2 
February 14616.8 13265,6 1351.2 9.2 
March 9415.5 8546.8 868.7 9.2 
April 5049.1 4584.9 464.2 9.2 
May 191.8 174.5 17.3 9.0 
TPL = total snow drifted off the plateau areas. 
TDR- total snow received by the drift-deposition points. 
OUTDR - total snow transported out of the study area. 
% OUTDR - QUTDR expressed as a percentage of TPL. 
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TABLE 7.2 
Effect of Study Area Boundary on Snow Avalanche 
Computation (Nupur Matrix) 
Month M1AV (em) .AMDP (em) OUTSN (em) 
October 9590,0 8880,9 709.1 
November 19590,7 18123,9 1466,8 
December 21546,1 19894.2 1651.9 
January 25031,2 23087.0 194Lf. 2 
February 30324,3 27960,5 2363.8 
March 19415,1 17915.9 1499.2 
April 10057.3 9299.8 757.5 
May 2899,6 2684,9 214.7 
AMAV = total snow avalanched 
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% OUTSN 
7.4 
7.5 
7.7 
7,8 
7,8 
7.7 
7,5 
7.4 
AMDP total avalanched snow deposited within the study area 
QUTSN = avalanched snow transported out of the study area 
% OUTSN = OUTSN expressed as a percent~ge of AMAV 
TABLE 7.3 
Procedure for the Determination of Snow Amounts 
Received by Snowfall (P), Drifting (Pl), and Ava-
lanching (P2) at Each Grid Intersection 
TDEPTH (I,J) 
(snow cover due to previous accumulation) 
SNOW (I,J) 
(current month's snowfall) 
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(SNOWl = SNOW) 
(not affected) 
(SNOW1< SNOW ) 
(SNOWl = 30,0 - TDEPTH) 
( drift erosion ) 
(SNOWl > SNOW ) 
(drift deposition) 
( SNOW2 = SNOWl) 
(not affected ) 
r,.:O 
cover after avalanching) 
(SNOW2 < SNOWl ) 
(SNOW2 = 10.0 - TDEPTH) 
(avalanche erosion ) 
(SNOW2 > SNOWl ) 
(avalanche deposition) 
Each grid point must meet one of the following 
conditions: 
1. No snowfall and point not involved 1n drifting or avalanching. 
i.e. SNOW2 = SNOWl = SNOW= 0,0 
therefore P = Pl = P2 = 0,0 
2. Snowfall but point not involved in drifting or avalanching. 
i.e. SNOW2 = SNOWl SNOW > 0,0 
therefore P = SNOW2. 
3, Snow drifted from point but not involved in avalanching. 
i.e. SNOW2 = SNOWl = 30,0 - TDEPTH < SNOW 
therefore P = SNOW2. 
4. Snow drift received but point not involved in avalanching. 
i.e. SNOW2 = SNOW 1 > SNOW 
therefore P SNOW 
Pl = SNOWl - SNOW 
TABLE 7.3(contd.) 
5. 
6. 
Point received both snow drift and avalanched snow. 
i.e. SNOW2 > SNOWl > SNOW 
therefore P ; SNOW 
Pl = SNOWl - SNOW, 
P2 ; SNOW2 - SNOWl 
Point received 
i.e. SNOW2. > 
therefore P = 
p2 
avalanched snow 
SNOWl = SNOW 
SNOW 
= SNOW2 : - SNOWl 
only. 
7. Point involved in avalanche erosion 
i.e. SNOW2 = 10.0 - TDEPTH < SNOWl 
therefore P = SNOW 2 
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8. Drift source point received avalanched snow which is subsequently 
drifted. 
i.e. SNOW2 > SNOWl ; 30.0 - TDEPTH < SNOW 
therefore P = SNOW 2 
Number of points representing each category during simulation of glacier 
mass balance in the Central Nupur Matrix (40x80) for the month of January. 
Category 1 2 3 4 5 6 7 8 
Number of points - 928 654 120 2 338 1158 -
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FIGURE 7.2 
Snow Transport Distance as a Function of Wind Speeq. 
Using monthly mean values for winter condit~ons dudng snow 
drifti~g from the Nupur plateau ilreas. (see text for 
explanation of computational procedure). 
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FIGURE 7.3 
Manner of Snow Drift Computation 
Point A on the plateau margin receives snow drift from three possible 
wind directions (SW, W, NW) while point B receives snow drift from 
five possible directions (S, SW, W, NW, N). 
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I 
February Snow Cover Distribu~ion Over the Central Nupur Matrix Following 
(a) Initial Snowfall, (b) Snow Drifting, and (c) Snow Avalanching. 
Determination of drift-erosion points (from topographic considera-
tions) 
[;e-conditions fo~ snow drifting to occur (sufficient snow thickness; 
y snow) 
"t. 
Determination of potential drift-deposition points using subroutine 
DEP (from topographic considerations) 
' 
r 
Drift-situation map (optional) 
-
"'" Calculation of snow drift amounts received at each potential drift-
deposition point according to the frequency of winds from different 
directions (using subroutine DRWIND). 
lr 
Check of drift computations and consideration of boundary effects 
(optional) 
..,, 
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Adjustments of snow cover after redistribution of initial snowfa~ 
by drifting. Results contained in matrix SNOWl (I,J). 
-
FIGURE 7.5 
Computational Procedure for the Determination of Monthly 
Snow Drift Using Subroutine MDRIFT 
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CHAPTER VIII 
ABLATION OF GLACIAL MATERIAL 
Following the determination of the state and water 
equivalent of the glacial material at each grid intersection of 
the altitude matrix, consideration is given to the amount of 
material ablated during the particular month being simulated. 
8.1 Characteristics of Snow and Ice Ablation 
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Glacial ablation encompasses all material which is removed 
from a glacier by melting, evaporation, sublimation, calving, wind 
action and avalanching; the latter two processes have been consid-
ered already, in the redistribution of glacial material by the 
accumulation processes. In areas where calving is not relevant, 
melting is the main process by which \temperatet snow and ice is 
ablated·. 
The amount of material lost by evaporation is commonly 
only a fraction of that removed by melting (less than 5% of the 
total ablation according to Paterson, 1969) and on some glaciers 
these evaporation losses are offset by condensation, In the mass 
balance model, therefore, the determination of glacier ablation is 
essentially considered to be a question of calculating the amounts 
of snow and ice being melted. 
As in the case of accumulation (sec. 7.1.1), the ablation 
of glacial material involves numerous causal factors resulting from 
the complex interactions between terrain and meteorological conditions. 
,-- -----
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For example, Hendrick et al. (1971), have related spatial and 
temporal variations in snowmelt to various aspects of the watershed 
environment including altitude, slope-aspect and forest cover. 
Whiueleyet al. (1973) emphasised the effects of various hydrometeo-
rological variables, e.g. net radiation, air temperature, vapour 
pressure of air and wind speed in determining snowmelt patterns. A 
recent review of the factors affecting snowmelt in mountainous environ-
ments has been undertaken by Obled and Harder (1979), 
Since the melting of solid H20 requires a high calorific 
input from radiation, sensible and latent heat exchange processe~, 
the interaction of all the variables affecting snow and ice melt can 
be envisaged through an examination of the net energy exchange taking 
place between the glacial material and its environment, Following 
the fundamental work of Sverdrup (1935, 1936), Ahlmann (summarised 
in 1948a), and Wallen (1948), numerous studies have been undertaken 
to analyse the heat balance of glaciers in middle and high latitudes 
As noted in sec, 2.3.3, these studies· of 1glacial meteorology' 
provide important information for assessing the variation in ablation 
rates. 
Of particular interest are attempts at determining the 
relative importance of the various energy balance components at the 
glacier surface, Paterson (1969, pp.SB-61) has collated thirty two 
such measurements, and results from some more recent studies are 
reported in Table 8.1. Generalisations from these results are made 
difficult by the variable and short duration of the studies, diffe-
rences in definition of the energy sources, differences in the state 
of the glacier surface and by problems of calibra~ion and measurement 
errors (MUller and Keeler, 1969). In general terms, however, these 
) 
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results confirm the predominance of solar radiation over convection 
and condensation as the main sources of heat for ablation. 
The relative importance of net radiation appears to 
increase with increasing latitude, continentQ_lity, and altitude. 
The effect of the latter two variables can he demonstrated by reference 
to the energy balance measurements from eight Norwegian glaciers as 
reported by Haakensen and Wold (Eds.) 1981, p.45. A plot of altitude 
versus the percentage of heat supplied by net radiation for glacier 
ablation is shown in Fig. 8.1. Given the narrow latitudinal range of 
these glaciers, altitude (with the secondary influence of continentality) 
appears to .be the main factor responsible for the variation in 
net radiation amounts. This is also evident from the results tabulated 
by Paterson (Evans, 1974 Fig,3.5), 
Heat exchange by convection and condensation decreases with 
increasing altitude due to the decreasing temperature and moisture 
content of the air. However, in areas experiencing a strong maritime 
influence, with high air temperature, wind speed and humidity conditions, 
the proportion of heat provided by convection and condensation for 
glacier ablation can be as much as that contributed by net radiation 
(e.g. Streten and Wendler, 1968; Bjornsson, 1972; Poggi, 1977; Anderton 
and Chinn, 1978). It should be emphasised that the relative importance 
of the various heat transfer processes can vary considerably during the 
course of the ablation season depending on local weather conditions 
(Wallen, 1948). 
~. 
A development related to the measurement of energy balance 
components on glacier surfaces has been the emergence of studies 
concerned with 'snowmelt hydrology' (sec, 2,3,6), These studies 
have resulted from the need for an accurate understanding of snow 
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and ice melt processes in order to forecast the runoff from glacierised 
and snow-covered regions. Such runoff forecasts are of great importance 
for water management and the design of water control structures, 
Studies of snowmelt are characterised by a number of approaches, viz. 
(i) degree-day method; (ii) multiple linear regression method; (iii) 
formulation of generalised empirical snowmelt equations involving 
a consideration of the' energy exchange processes. 
(i) A well established, though oversimplified, approach is to 
regress daily melt against the number of degree-days. The resulting 
regression equation can be used to predict future melt from an estimate 
of the degree-day totals (Collins, 1934; Linsley, 1943), Many simple 
models of meltwater prediction are based on this method (e,g, 
Zimmerman, 1972; Martinec, 1975), However, this is a rather unsatis-
factory method since the melt coeffici~nts will vary with local condi-
tions of weather, snow state, and terrain, The.se problems are enhanced 
by differences in the calculation of mean daily temperatures (Arnold 
and MacKay, 1964), 
(ii) Some researchers have attempted to improve snowmelt predic-
tion by developing heat indices which go beyond the use of air temp-
erature alone; or through mar• sophisticated statistical analyses 
involving the consideration of such meteorological variables as vapour 
pressure, net radiation and wind conditions (e.g. Psyklywec, 1968; 
Zuzel and Cox, 1975), In an effort to understand the factors affecting 
glacier ablation, glacial hydrologists have also commonly used multiple 
251 
regression and other statistical methods to relate glacier runoff 
with meteorological parameters (e.g. Gudmundsson and Sigbjarnarson, 1972; 
Goodison, 1972; Jensen and Lang, 1973; ~strem, 1973). 
(iii) The above statistical approaches to predict melt and runoff 
from snow and ice suffer from the problem that the results from a given 
region are usually not transferable to other areas. Furthermore, 
these approaches reveal little about the actual process of ablation and 
provide no idea about the relative influence of the different energy 
components involved in the melting process. Clearly, the only strictly 
correct way of computing the amount of melt and, at the same time, 
gaining a physical understanding of the ablation process is to use an 
energy balance approach. 
Early attempts a.t a physical reason1ng of the energy balance 
processes affecting snow melting (e.g. Wilson, 1941; Light, 1943) were 
followed by comprehensive snowmelt studies conducted by the U.S. Corps 
of Engineers and the u.s. Weather Bureau (U,S.Army Corps of Engineers 
1956) . These studies have contributed significantly to a more funda-
mental understanding of snow hydrology by deriving generalised snowmelt 
equations based on the theory of heat transfer to a melting snowpack. 
It should be noted,however, that the physical theory employed in these 
studies involves many approximations due to the unavailability of suitable 
data for a complete physical analysis of the energy balance. 
Following the findings of the U.S. Corps of Engineers and 
especially with the advent of digital computer techniques which are 
particularly suited to the problems of snow hydrology (sec. 4.2), a 
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number of conceptual simulation models of varying sophistication 
and detail have been developed to predict snowmelt runoff (see review 
by Anderson, 1973a). These models are based on the physical process 
of energy exchange )letween the snowpack and its environment. However, 
they differ according to the mathematical relationships used to model 
each component of the energy balance. Some.of these models use an 
index (usually air temperature) to estimate the s~10w cover energy 
exchange (e.g, Rockwood, 1964; Anderson and Crawford, 1964; Riley et al. 
1969; Willen et al. 1971; Eggleston et al., 1971; Anderson, 1973b; 
Bengtsson 1976; Quick and Pipes, 1976), Others incorporate a more 
complete theoretical treatment of the energy balance (e.g. Anderson E.A. 
1968; 1976; Price and Dunne, 1976; Obled and Rosse, 1977). 
While some of these models lack sufficient testing against 
experimental data, they provide a much better insight (than do the 
purely statistical approaches) into the processes of energy exchange 
and the interaction of the various factors controlling snowmelt, The 
energy balance approach has also been utilised in attempts at the 
modelling of the ablation processes on glaciers (William~, 1974, 1975), 
8.2 Simplified Energy Balance for 'Melt-Periods' 
It has been established from the above discussion that glacier 
ablation is best estimated through a consideration of the various 
processes of energy transfer. In the present study, given the need to 
estimate melting of glacial material from rather generalised input 
values of climate and topography, the approach adopted is to determine 
the total energy available for melting (in monthly periods) after solving 
a simplified energy balance at each grid intersection where glacial 
material is present. 
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The restriction of the model to a study of 'temperate' 
glacier formation enables certain simplifying assumptions to be made 
regarding the energy exchange processes. It is assumed that the 
glacial material is isothermal at 0°C and that its storage potential 
(i.e. free water capacity)has been satisfied. Thus any gain of heat 
will result in the melting of the glacial material. 
) 
Now the energy balance for an isothermal snow or ice body 
at melting point can be written as: 
QM = Q + QH + Q + Q + Q 
u R E P C 
where QM = the heat available for melting 
QR = the net radiative heat flux 
QH = the sensible heat flux 
QE = the latent heat flux (caused by condensation, 
evaporation or sublimation) 
Qp "" the heat gained from precipitation 
and Qc = the conduction of heat from underlying ground 
-2 -1 All the heat fluxes are expressed in cal,cm hr . The sources of 
energy received by the glacial material are conventionally defined as 
positive and the sinks are regarded as negative. 
This equation has been widely applied in studies of the 
energy balance over melting snow and ice (sec. 8.1) and has been found 
to be generally satisfactory for determining melt at a point. The 
ground heat flux and the precipitation heat flux are usually negligible 
in the consideration of isothermal glacial material at 0°c and are 
omitted in the present study. The heat available for melting (QM) 
is, thus, largely a function of the net radiative flux and the 
turbulent heat exchange (sensible and latent) at the snow or ice 
surface; i.e. QM = QR + (QH + QE), 
The computation of the energy balance is restricted to the 
'melt-periods' when air temperature is greater than 0°C. Numerous 
studies of glacier abl,ation (sec, 8,1) show that surface melting 
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does not occur until the temperature of the free air rises above the 
freezing point. Although the receipt of solar radiation is indepen-
dent of air temperature, it has been pointed out (e.g, Callendex, 1952) 
that any surplus of solar radiation available for melting is highly 
dependent on air temperature. At below freezing temperatures, 
convective cooling of the glacial material prevents the radiation 
from being effective for melting. 
The mass balance model, thus, utilises air temperature as 
an index for the determination of potential melt-periods. These are 
defined for each grid point by the sub:routine MELTPR through the 
following considerations: 
(i) an estimation of the number of days in the month that 
above freezing temperatures can be expected- DAYSML (I,J). 
(ii) An estimation of the number of hours per clay that temperatures 
greater than 0°C occur in different months- DMHRS (I,J), 
(iii) Determination of the mean temperature during that part of 
the day when temperatures are greater than 0°C- TEMPML(I,J). 
In the event of difficulty in obtaining information on these aspects 
of air temperature variations directly from climatological records, 
use was made of other indirect sources, These are discussed with 
reference to the Nupur matrix, 
' An indication of the diurnal variation of air temperatures 
in Vestfirdir is provided by the base meteorological station at 
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Bolungarvik (location shown in Fig. 4.7), The diurnal air temperature 
curves for different months depicted in Fig. 8,2 are drawn using data 
on hi-hourly averages of air temperature for the period 1946-1953 
provided by the Icelandic Meteorological Office, It can be seen (Fig. 
8.3a) that the diurnal amplitude of air temperature is very small during 
mid-winter (being less than 1·0°C for the period November-February) 
and is greatest in mid-summer (greater than 2•7°C for the period May-
August). 
In the present study it was assumed that the pattern of the 
diurnal variations in air temperatures shown in Fig. 8,2 applies to all 
grid intersections of the altitude matrix since no information on the 
....,.·. cJ... c.Q~ ;t"J.Q_. 
variations in the diurnal amplitude of air temperatures~was available. 
In Fig. 8.2 the mean monthly air temperature corresponding to 
each month's curve of the diurnal variation of air temperature is given 
in brackets. As an approximation, the relationship between the mean 
monthly temperature (8M) and the diurnal variation of air temperature (8) 
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in any month can be represented by the following curve: 
The equation of this curve can be expressed as 
e = 8M - a cos t 
1T 
where t = TI(T-4.0) 
Now it is clear from this curve that (i) if the mean 
monthly temperature (8M) is equal to or less than -a°C, then it can 
be assumed that the air temperature ce) throughout the day will be 
below 0°C; (ii) conversely, when eM is equal to or greater than a°C 
it can be assumed that the diurnal temperature is always greater than 
0°c; and (iii) if e is between + a°C then the diurnal temperature M -
curve will cut across the 0°C axis (as shown in the above diagram). 
The first case, with ElM ~ -a°C, is not of interest for the 
computation of the energy balance since both DMHRS (I,J) and DAYSML (I,J) 
can be expected to equal zero while TEMPML (I,J) will be 0°C or below 
f:re.ezing. 0 For the other cases with ElM 1> -a C, an estimation needs to be 
) 
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made,in the first instance, for the mean number of days in the month 
0 
on which air temperatures of greater than 0 C can be expected. In 
view of the difficul.ty of obtaining this information from summary 
climatological tables, use was made of data concerning the number of 
days with frost at the base climatological station (Fig, 8.3b), The 
number of days with frost in different months can be correlated with 
the corresponding mean monthly air temperatures to provide an indi-
cation of the expected number of days with below freezing temperatures 
in any month (Fig. 8,4). Using the relationship developed in Fig. 8.4, 
h . b f d • h . b 0°C t e approx1mate num er o ays Wlt a~r temperatures a ove 
(DAYSML) can be obtained by subtracting the number of frost days from 
the total number of days in the month, 
Furthermore, in the case with eM ? a°C, DMMRS (I,J) can be 
taken as being equal to 24 hours and, thus, TEMPML (I,J) will be 
equal to the mean air temperature, TEMP (I,J) or eM. The determination 
of DMHRS and TEMPML is more complicated in the case with eM being 
between + a°C. With reference to the curve representing the diurnal 
variation of air temperature (~n the above diagram), it can be seen 
that the times (t1 , t 2) between which the air temperature (6) is above 
0°c can be obtained as follows: 
e -M a cos t 
::; 0 
t =Q.:rcc:os (eM/ a) 
i.e. tl = (ll"(;COS (eM/a) 
and t2 ::; (271' - t ) 1 
) 
Now the average temperature (TEMPML), during the period 
of positive air temperatures represented by these times, is given 
by integrating the equation of the curve with limits of t 1 and t 2• 
Thus, 
TEMPML 
1 
= -----
= 
= 
By substituting t 2 
t - tl 2, 
1 
t -2 tl 
e 
{ 
0.. 
M t2-tl 
27T 
8M(t2-tl) - a(sin t -2 s~n t 1)} 
(sin t 2 - sin tl) 
The duration (in hours) during which the temperature is above 0°C 
(DMHRS) is given by: 
DMHRS 
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Following the determination of these 'melt-period' charac-
teristics for each grid intersection, consideration is given to the 
solution of the simplified energy balance, In any month the energy 
balance is only determined at those points where TEMPML (I,J) is greater 
than 0°C and where glacial material in the form of snow, firn or ice 
is present. The heat available for melting is summed for that part of 
the day when temperatures are above 0°C (DMHRS) and for the number of 
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days that the mean temperature is expected to be above 0°C (DAYSML). 
If needed, a simple line printer map depicting those points with 
TEMPML 0 > 0 C can be constructed to reveal the distribution of 
potential areas experiencing melting conditions in any month (e.g. 
Fig. 8,5 for April in the 1 test 1 matrix). 
The manner in which the net radiation and turbulent heat 
exchange was computed is discussed in the following sections. The 
radiation balance, consisting of shortwave and longwave radiation 
components, is determined by the subroutin~SWRAD and LWRAD respectively. 
The turbulent energy exchange, consisting of the transfer of sensible 
and latent heat fluxes, is determined by the subroutine TBHEAT. The 
net energy exchange by these processes is summed at each grid 
intersection to determine the monthly totals of energy (QM) available 
for melting the glacial material. The variation of QM for July over 
the Nupur 'test' matrix is shown in Fig. 8.6d. 
The amount of monthly melt (M) taking place, at each grid 
point with a positive value of QM, is then determined from the 
following relation: 
-3 
where L =the latent heat of fusion (80 cal.,m ). 
The melting of glacial material is considered in the sequence (1) snow 
(2) firn (3) ice. The amount of material melted in any of these states 
will depend on the water equivalent of material present in each of 
these states and the net energy available for melting. First the 
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available energy is used to melt any snow present at the grid point 
in question; if any surplus energy is left after all the snow has 
been melted, consideration is given to the melting of any firn and 
finally ice that may be present, taking into account the different 
albedo of the newly revealed material. Following the melt computations, 
appropriate adjustments of the monthly mass balance are made to deter-
mine the amounts of snow, firn and ice (if any) remaining at each grid 
intersection. These aspects of the mass balance are programmed in the 
main routine.of. GSPl (Appendix A). 
8.3 Computation of the Net Radiation Balance 
The net radiative flux, QR, in the simplified energy balance 
equation (sec. 8.2) can be expressed as the balance of shortwave and 
longwave radiation components: 
where Rc 
= (D + d)(l~) + L~ - Lt 
"' the incoming 1global• shortwave radiation consisting 
of both direct sunshine (D) and diffuse radiation (d) 
that has been scattered and reflected by the atmosphere 
and clouds. 
a; "' the albedo of the surface material for shortwave radiation. 
The product (D+d)(l-«) represents the net global radiation 
absorbed by the glacial material. 
= the net longwave radiation consisting of incoming longwave 
radiation from the atmosphere (L+) and the upward flux 
of longwave radiation emitted by the surface of the glacial 
material (Lt) • 
In the mass balance model the two major components of the net radiation 
balance, Be and R1 are computed by separate subroutines. The shortwave 
radiation balance is determined by the subroutines. SWRAD, <:!LSR and 
SHADE while the longwave radiation balance is determined by the 
subroutine LWRAD. 
8.3.1 Shortwave Radiation Balance 
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The amount of global radiation received at any point on the 
earth's surface varies with the latitude, date (declination of the 
sun), time of day (hour angle), cloudiness, transparency of the 
atmosphere, altitude, slope gradient and aspect, and the effect of 
shading by surrounding topography. Various empirical relations have 
been developed between solar radiation receipt and such meteorological 
factors as air temperature, amount of cloudiness, cloud type, and 
duration of sunshine (e.g. Vowinckel and Orvig, 1962; Chang and Root, 
1975), while tables providing information on potential radiation 
amounts for specified times, slopes and latitudes have been compiled 
(e.g. Frank and Lee, 1966). However, a general solution to the 
problem of solar radiation receipt is best obtained through the 
computation of shortwave radiation amounts from fundamental principles 
based on a combination of astronomical, meteorological and topographical 
information. 
Garnier and Ohmura (1968, 1970) presented a useful method 
for the calculation of solar radiation, allowing for the declination 
of the sun, time, latitude of the site, and the gradient and aspect 
of the surface slope at each point, This method has been widely 
applied for the areal estimation of solar radiation amounts (e.g. 
Goodison, 1971; Greenland and Clothier, 1975), Williams et al. (1972) 
have developed the method further to analyse the influence of global 
radiation on mountain glacierisation. 
') 
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In the present study the method of Garnier and Ohmura, 
together with its refinement by Williams et al., has been adopted 
to estimate the direct and diffuse components of solar radiation at 
each grid intersection of the altitude matrix during the course. of 
the 'melt-periods'. 
The computational formulae~used to calculate clear-sky direct 
and diffuse radiation, together with the procedure for determining the 
effect of topographic shading on radiation receipt are described first. 
This is followed by a discussion on the selection of various. parameters 
necessary for the estimation of monthly global radiation amounts, e.g. 
sun's declination, duration of daylight and atmospheric transmissivity. 
Finally the manner in which the absorbed global radiation at each grid 
point was determined, after allowing for the effects of altitude, cloud-
iness and surface albedo, is outlined. 
Direct solar radiation. According to Garnier and Ohmura (1970) 
daily totals of direct shortwave radiation (D) falling on a slope can be 
calculated by integrating the following equation over small increments 
of time (H): 
where 
2 H I /r J2m < xJ\s) dH D = p cos 
0 H 1 
I ::; the solar constant 
0 
r = the radius vector of the earth's orbit 
p ;::; the mean-zenith-path transmissivity of the atmosphere 
m = the optical air mass 
H =the hour angle measured from solar noon (+ve after noon), 
the integral being taken over the duration of sunlight 
on the slope 
xftS = the angle of incidence of the solar beam on the slope 
where 
cos(xA S) = [Csin$cosH)(-cosA sin0) 
- sinH (sinA sin8 ) + (cosQlcosH cos8)] cosO 
+ (cos¢ (cosA s-ine) + sin¢ case] sino 
¢ = the latitude 
e == the slope gradient 
A :::: the slope aspect 
o = the declination of the sun 
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A computer program for the computation of direct radiation receipt by 
using the above expression has been provided by Fuggle (1970). This 
program was modified to calculate global radiation amounts, in incre-
ments of sixty minutes, after including ex-pressions for the computation 
of the diffuse radiation component and for the effect of shading by 
surrounding topography. 
Diffuse solar radiation, The accurate estimation of the 
diffuse radiation flux is complicatE;\d (for a detailed discussion refer 
to Obled and Harder, 1979). As a simplification, it is usually assumed 
to be isotropic (valid for slope gradients up to 30° according to 
Kondratyev and Manolova, 1960 and hence for most glacier surfaces) 
and is thus regarded as being independent of slope aspect. Its variation 
on differing slopes can be determined from the following equation 
(Kondratyev, 1969): 
d 
8 
== d 
0 
2 
cos (8/2). 
:; 
where d =-
s 
and d :::; 
0 
the diffuse radiation received on a slope of gradient 8. 
the diffuse radiation received on a horizontal surface. 
Measurements of diffuse radiation are, however, rarely avai-
lable and it is necessary to obtain d from theoretical considerations. 
0 
A cormnonly used expression for calculating this flux under clear sky 
radiation is given by List (1966, p,420 attributed to Fritz): 
where a :::; the proportion of radiation absorbed by water 
w (assumed to be 7%) vapour 
a ::; the proportion absorbed by ozone (assumed to be 2%) 
0 
It :::: the extraterrestrial radiation 
I JHL 0 dH = 2 cos z ~ 
r k, 
ld :::; the direct radiation on a horizontal plane 
I Ht, 
::: 0 Jpm_ cos z dB 2 k s r I 
z ::: the zenith angle of the sun 
s 
and 0•5 expresses the assumption that half of the radiation is 
scattered forward and half backward. Thus, the combined £~ression 
for the estimation of the diffuse radiation flux on a slope (d ) 
s 
becomes 
d 
s 
m 
- p J cos z dH 
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Although the validity of this expression is limited by the assumption 
of isotropic conditions, since the intensity of clear sky diffuse 
radiation is greatest in the vicinity of the sun and near the horizon 
(Kondratyev, 1969), the comparison of calculated results,obtained by 
using this expression, with measured values has been shown to be 
reasonable by Williams et al. (1972). 
The effect of shading by topography, A further complicating 
factor ~n the determin~tion of global radiation in mountainous terrain 
is the possible effect of shading QY topographical features around the 
grid point being considered. This effect can achieve a marked signi-
ficance during early morning and evening when the sun is less than 30° 
above the horizon, during low sun periods in mid-latitudinal winters, 
and in high latitudes (over 60°) at all seasons, For example, Wendler 
and. Ishikawa (1974) report that screening by mountains 
around the McCall Glacier in Alaska (latitude 69° 18'N.) reduces direct 
solar radiation amounts by about 13% during the ablation season (with 
a solar declination of 20°), by 68% at the equinox and by more than 
90% at a solar declination of 10°. 
Computational procedures for the estimation of the shading 
effect have been developed by a number of researchers (e.g. Ollmura, 
1970; ;Ferguson et al., 1971; Goodison, 1971; and Williams et al. 1972). 
In the present study a computer subroutine (SHADE) based on the method 
described by Williams et al. (1972 p,528) has been written to consider 
the effect of shading by surrounding topography. Basically it considers 
the altitude at each grid intersection and searches along the line of 
the sun's azimuth (for a distance of 1 km. along the ground) to determine 
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the presence of any point high enough to block the sun, If the grid 
point under consideration is found to be in shadow, the computation 
of the direct solar radiation component is omitted for the appropriate 
increment of the hour angle being considered. Further details of this 
method can be obtained by referring to the discussion in Williams et al.(1972) 
or by examining the listing of the SHADE subroutine in Appendix A. 
In the Nupur area, the effect of topographic shading on solar 
' 
radiation receipt was found to be insignificant at the height of the 
ablation season (with solar declination greater than 15°), For example, 
the reduction in solar radiation received at all grid points in the 
'test' matrix in July as a result of topographic shading was found to 
he less than 14% of the radiation received without cons-idering the 
shadow effect (Fig. 8,7), This is similar to the findings of Wendler 
and Ishikawa (see above). The greatest reduction (greater than 8%) 
was found on the steep north-facing cirque slopes, OVer the greater 
part of the matrix, however) the percentage reduction of s.olar radia-
tion is low, perhaps due to the lim.ited relief amplitude. As a conse-
quence, differences in monthly solar radiation receipt (for the height 
. 
of the ablation season) due to the shading effect are hard9.~ discernable 
(Fig. 8 .8). 
In the mass balance ·J1Ddel, the energy balance computations 
are only of interest for the determination of glacial material melting 
during the ablation season, i.e. when the effect of shading on solar 
radiation is least significant. The slight additional accuracy in 
solar radiation computations as a result of including the shadow routine 
was not thought to be justified by the increase in computer time and 
thus the shading effect was not considered in the Nupur mass balance 
simulations. 
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The above procedures for the determination of the direct solar 
radiation, the diffuse radiation, and the effect of shading by topography 
(optional) constitute the major components of the subroutine GLSR, 
concerned with the determination of daily global radiation totals. In 
addition to these procedures, a number of other expressions relating to 
the computation of the monthly net shortwave radiation absorbed, by 
glacial material at any grid point, need to be specified. Considerations 
relating to the selection of the declination angles of the sun, duration 
of daylight, transmissivity of the atmosphere, and the albedo of the 
glacial material are defined in the main 'driving • subroutine for short-
wave radiation, viz. SWRAD. 
Selection of ~un'~ d~clinati6rt, dutation of daylight, trans-
missivity and albedo. In order to reduce computer time, the computations 
for solar radiation were performed for the 8th and 24th of each month 
for the duration of the 'melt-period t at each grid intersection of the 
altitude matrix. (With ~he use cf large matrices -e.g. 100 x 100, the 
increased computer time needed for mass balance computations, makes it 
impractical to compute solar radiation on more than one representative 
day in the middle of each month). Values for the sun 1 s declination and 
duration of daylight on these days~ tor the appropriate latitude of the 
study area (65°N in the case of the Nupur matrix), can be obtained from 
the Smithsonian Meteorological Tables (List, 1966 Tables 169 and 171) and 
their variation throughout the year is depicted in Fig. 8,9, The values 
for the 8th of the month are taken to correspond with the first half of 
the 'melt-days' in the month (i.e. DAYSML (I,J)/2), while the declination 
and duration of daylight for the 24th of each month. is considered to be 
representative for the remainder of the days in the month on which melt-
ing of glacial material is axpected. 
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Values for atmospheric transmissivity are not readily ava:t-
lable from tables or theoretical considerations since they can vary 
considerably from place to place, being a function of the local weather 
and air mass characteristics. Measurements of atmospheric transmissi-
vity reveal that it usually varies seasonally, being highest in winter 
and lowest in summer, because the atmosphere contains more water vapour 
and dust during the summer months. For the Icelandic study areas, an 
indication of the monthly variation in atmospheric transmissivity was 
} 
' 
obtained from a comparison of calculated values (using the subroutine 
SWRAD) and measured values (from the Icelandic Meteorological Office) 
of global radiation at ~eykjavik (Fig. 8.10). 
The albedo of the surface glacial material is a critical 
factor in the determination of absorbed solar radiation amounts and 
estimation of its value at each grid point of the matrix is essential 
for the computation of the shortwave radiation available for melting. 
Several investigations have shown that the albedo of snow and ice surfaces 
is influenced by the surface characteristics of the glacial material 
(e.g. density, water-content, size, shape and structural arrangement 
of the snow or ice crystals), time since deposition, cloudiness, time 
of day (solar altitude), season, latitude and altitude, as well as the 
aspect and gradient of the surface slope (e.g. Hubley, 1955; U.S. Army 
Corps of Engineers, 1956; Slaughter, 1969; Korff and Vonder Haar, 
1972; O'Neill and Gray, 1973; Dirmhirn and Eaton, 1975; Petzold, 1977; 
and Bolsenga, 1977). 
The largest variations in albedo values are usually attributed 
to changes in the state of the glacial material (snow + firn + ice), 
) 
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cloudiness, and solar altitude, In the mass balance model the initial 
value of the albedo of glacial material present at any grid point is 
selected by considering the state of the surface material. Based on a 
review of the albedo values for different surfaces reported in the 
literature, the surface material is given a mean albedo value of 0·3 
for ice, 0·4 for firn and 0·5 for old snow, These values refer to 
cloud-free conditions and for the times when the sun's rays are 
perpendicular to the surface, 
To account for the increase of albedo with cloudiness, this 
mean value is increased by 0•01 for a one-tenth increase in cloud cover 
(as indicated by several of the above-mentioned studies). The monthly 
mean cloud cover is obtained from the base meteorological station 
(Fig. 6.lc). Lack of data on the variation of cloud conditions diur-
nally or with altitude prevented a more detailed consideration of the 
effect of cloudiness on albedo, 
The variation of albedo with the angle of incidence of sun's 
rays is estimated (in subroutine GLSR) by constructing approximate 
curves relating the albedo of snow, fi.rn, and ice to changes in solar 
altitude, in a similar manner to those presented by Geiger (1965, p.l7) 
for sand and water surfaces. In Fig. 8.11, the albedo values for snow, 
firn and ice (a:) at any solar altitude (8) can be estimated from the 
following relation: 
where 
and 
0: 
oc 
0 
k 
= (1-oc) 
0 
-k8 
e + a: 
0 
the mean albedo for the surface material at a solar 
0 
altitude of 90 • 
=a constant which equals 0·0768 (for_snow); 0·0796 (for 
firn) and 0•0819 (for ice). 
) 
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These curves indicate that the albedo values decrease with increasing 
0 
solar altitude to about 40 (Fig. 8.11). The estimated albedo values 
for particular solar altitudeS are generally in agreement with measured 
albedo values reported in the literature for glacial material at 
corresponding solar altitudes. 
Computational procedure for the determination of absorbed 
global radiation. Having discussed the major components of the short-
' 
wave radiation routines, the computational procedure for the determina-
tion of net global radiation absorbed by glacial material at each grid 
point is described with reference to the Nupur area. 
In any given month, the potential melting period (DAYSML), 
for the grid points satisfying the conditions for melting to occur 
(sec. 8.2), is divided into two equal parts and the shortwave radiation 
balance is determined for one representative day in each part using the 
declination, duration of daylight and transmissivity values for the8th 
and 24th day of the month. For each of these representative days the 
subroutine GLSR determines the mean daily shortwave radiation received 
at each grid point by summing sixty minute increments of radiation 
receipt by both the direct and diffuse components. The total time 
period over which the radiation balance is calculated is controlled by 
the duration of daylight or the period for which air temperatures are 
expected to be greater than 0°C (i.e. DMHRS). 
The procedures used for computing, the clear-sky global 
radiation have been discussed above. It should be noted that the 
-2 
selection of the solar constant (varying from 1,94 to 2.07 cal. ern 
rnin-1) is dependent on the variation of the sun's declination. Further-
more, the determination of the optical air mass (m) using the secant 
approximation (m = sec z ) has been shown to be 1n error with large 
s 
zenith angles (Garnier and Ohmura, 1968, 1970). Thus, a separate 
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determination of the optical air mass for zenith angles greater than 
70° is made using the data provided in the Smithsonian Meteorological 
Tables (List, 1966 Table 137). 
The clear-sky global radiation received for each sixty 
minute increment is corrected for the effect of altitude and 
c.loudiness. An increa~e in the potential solar radiation with altitude 
is expected under cloudless sky conditions due to a decrease in optical 
air mass, the shorter path traversed by the solar beam, and changes in 
atmospheric transmissivity brought about by decreased quantities of 
moisture content and dust pollution at high altitudes. While the rates 
of increase will vary from place :to place,a~ increase in incident 
solar radiation of about 1% per 100 m increase in altitude is usually 
quoted (e.g. Ku'zmin, 1972 p,l23; Barry and VanWie, 1974 p.73; Barry 
and Chorley, 1976 p.57), 
This increase in radiation receipt with altitude will be 
offset by any increase in cloudiness .with altitude. However, a lack of 
information concerning the variation of cloud cover with altitude 
prevents this aspect from being incorporated in the mass balance model. 
Instead, the global radiation is adjusted for mean cloud cover by 
0 
use of the following relation developed by Angstrom-Savinov (Kondratyev, 
1969): 
RC = RG (1-(1-k)n) 
) 
.J 
where the cloudy-sky global radiation 
RG = the clear-sky global radiation 
k = an empirical coefficient characterising shortwave 
radiation transmission by clouds 
n the cloud cover (in tenths) 
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Kondratyev (1969, p.468) provides a table for obtaining the empirical 
coefficient, k, value for different latitudes. For the Nupur area 
(65°N) a value of k =,0,45 was selected . 
The net incoming global radiation is further adjusted for 
the effect of the surface albedo to determine the amount of solar 
radiation absorbed by the glacial material during each time increment. 
The values from all the time increments are summed to yield the daily 
total of absorbed global radiation for the two representative days in 
each month. The mean daily radiation values for each half of the 
monthly melt-period are multiplied by the number of 'melt-days' in each 
part of the month to determine the total monthly global radiation 
absorbed at each relevant grid intersection (given by the matrix GRBL 
(I,J)). 
An indication of the accuracy of the global radiation calcu-
lations was provided by comparing the results obtained from the sub-
routine SWRAD with measurements of global radiation conducted on 
Baegisarjokull in northern Iceland (Fig. 3.9) by Helgi Bjornsson 
during the summer of 1968 (Bjornsson, 1972 and personal comnunication). 
Daily calculated (using actual daily cloudiness) and measured values 
of global radiation for the month of July are compared in Fig. 8,12. 
The fit is thought to be reasonable with the total monthly global 
-2 -1 
radiation calculated to be 13,550 cal.cm .month · compared with the 
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-2 -1 
measured value of 14,210 cal.cm .month for July. In the mass 
balance global radiation is only estimated for the 8th and the 24th 
of each month; when the calculated global radiation values correspon-
ding to these days (in the above example, -2 -1 478 and 380 cal.cm day 
respectively) are multiplied by half the number of days in the month 
and summed, the total monthly global radiation receipt for July is 
-2 
estimated to be 13,250 cal.cm which again corresponds fairly closely 
-2 to the measured value of 14,210 cal.cm . 
An illustration of the computational method for the estimation 
of absorbed global radiation is provided in Table 8.2 by listing the 
diurnal variations (in 60 minute time intervals) of the various SWRAD 
subroutine components. These estimates of solar radiation are for the 
1st of July in the above example. 
The variation of the shortwave radiation receipt over the 
Nupur 'test' matrix is illustrated by means of line-printer computer 
maps in Fig. 8.6a. The combined effect of slope gradient and aspect, 
in particular, is clearly portrayed. 
8.3.2 Longwave Radiation Balance 
The shortwave radiation absorbed by the earth's atmosphere 
~s re-radiated in all directions as atmospheric radiation. Snow and 
ice surfaces can be regarded as black bodies with respect to longwave 
radiation,absorbing all such incident radiation and emitting the 
maximum possible radiation corresponding to their temperature. 
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The net longwave radiation at the surface of the glacial 
material is, thus, the difference between the downward atmospheric 
radiative flux or 'counterradiation' (L-1-) and the upward flux of 
'terrestrial' radiation (Lt). Over melting snow and ice Lt is usually 
greater than L+ and the net longwave radiation acts as a heat sink. 
However, during overcast conditions (with a cloud cover of greater than 
about eight tenths) the contribution of longwave radiation for melting 
may become important (e.g. Hubley, 1957; Ambach, 1974). 
The magnitude of both L-1- and Lt is usually determined by 
reference to the Stefan-Boltzmanrls law v1hich states that a radiation 
flux, F, 1.s proportional to the temperature (T) of the radiating body: 
where 
F = 
a 
·4 
a e: T 
-9 -2 -lo -4 Stefan-Boltzmann constant (4•92xl0 cal.cm hr K ) 
E = infrared emissivity (usually taken as unity for snow 
and ice) 
Since the glacial material is assumed to be at melting point (T = 273°K) , 
its radiative flux (Lt) is easily determined from the above relation. 
The incoming longwave radiation flux (L-1-), emitted from carbon 
dioxide and water vapour in the atmosphere, is a function of numerous 
factors including air temperature, vapour pressure, cloud cover, exposure 
to the sky hemisphere, and the dust content of air. Due to difficulties 
in measuring some of these factors, a number of empirical equations have 
been proposed to estimate clear-sky atmospheric radiation from surface 
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0 
air temperature and vapour pressure alone, e.g. by Angstrom, Brunt 
and Swinbank (see Sellers, 1965 pp.53-54). 
Following Williams (1974) the equation proposed by Swinbank 
(1963) was used to estimate the net longwave radiation under clear 
skies (R ) from surface temperature alone: 
0 
where 
R 
0 
T 
4 -6 2 
a E T (9•35.10 T - 1) 
the screen height air temperature (usually at 2 m) 
Sellers (1965 p.61) notes that in the event of a large·difference 
between the air temperature (T) at screen height and the surface 
temperature of melting snow and ice (T ), it is necessary to apply a 
5 
correction factor to the above equation: 
Furthermore, the atmospheric longwave radiation has been shown by 
Kondratyev (1969, p.681) to vary with slope angle (8) in the following 
manner: 
where L ~ = the longwave radiation received by a slope surface 
s 
= the longwave radiation received by a horizontal surface. 
Finally the longwave radiation has to be adjust~d for cloudy conditions 
since·the presence of cloud will tend to increase the amount of counter-
radiation. Various types of relationships have been suggested to 
estimate longwave radiation recorded under cloudy conditions. These 
usually take the form: 
where 
2 R = R (1-kn ) 
c 0 
R = the net longwave radiation under cloudy conditions 
c 
k = an empirical constant 
n = the cloud cover (in tenths) 
The value of k 'Varies according to cloud type and height, However, 
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satisfactory results of the longwave radiation balance have been found 
to occur in the Alps with a value of 1·4 for'k(e.g. Hoinkes and Unter-
steiner, 1952). This value has also been adopted for estimating long-
wave radiation exchange on glaciers in Iceland and Norway (e.g. Liest¢1, 
1967; Messel, 1971; Bjornsson, 1972). 
The net longwave radiation balance (~) at the surface of 
the melting glacial material can thus be estimated from the combination 
of the above equations: 
= R (l-kn2) + 4cr£ r3 (T-T ) 
0 s 
crE T4((9.35.10-6T2)(cos28/2) 2 3 
- 1)(1-kn )+ 4crET (T-T) 
s 
Williams (1974 Fig.l p.27) shows that satisfactory results were obtained 
by using this expression when compared with daily measurements of longwave 
radiation on 'Boas' glacier in Baffin Island. This expression also 
yielded similar values of daily and monthly longwave radiation totals 
to those computed by Bjornsson (1972 and personal communication) for the 
) 
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energy exchange on Baegisarjokull 1n northern Iceland, 
In the mass balance model, the above expression is 
used to estimate the net longwave radiation balance at each grid 
point where glacial material is present. TEMPML is used to indicate 
the mean air temperature for the period (DMHRS) that diurnal air 
0 temperature is expected to be above 0 c. The diurnal net longwave 
radiation balance for this period is multiplied by the number of 
melt-days (given by DAYSML) to determine the monthly longwave radiation 
balance at each relevant grid point. 
The variation of net radiation (balance of shortwave and 
longwave components) for July in the 'test' matrix: is depicted in 
Fig.8.6b. The longwave radiation balance was found to be negative 
(with a mean cloud cover of 0•74) at all points of the matrix. 
8.4 Estimation·of the Turbulent Energy Exchange 
The turbulent transfer of energy taking place at the glacial 
material surface is a function of the sensible (H) and latent (E) heat 
fluxes. rhese processes can contribute significantly to the melting of 
glacial material since during 'melt-periods', with air temperatures 
above 0°C, the sensible heat flux will always be directed towards the 
snow and ice surface (assumed to be at 0°C). Similarly the latent heat 
flux also acts as a heat source for the melting of glacial material 
since positive air temperatures coupled with high relative humidity 
values (as in Iceland) result in the vapour pressure increasing with 
height leading to the predominance of convection over evaporation. 
) 
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These turbulent energy exchange processes are, however, 
most difficult to determine in a mountainous environment due to 
the uncertainity in specifying the spatial variation of point wind 
speed and air temperature values (chap. VI). In studies of the 
energy exchange over melting snow and ice (see references in sec. 8.1) 
it is conmon practice to estimate the turbulent heat exchange by 
using conventional aerodynamic equations based on the analysis of 
temperature, vapour pressure and wind velocity gradients in the lower 
atmosphere. The development of these aerodynamic equations from the 
theory of transfer coefficients within the surface boundary layer is 
discussed elsewhere (e.g. Sellers, 1965 chap,lO; Anderson, 1976 p.8 ff; 
Price, 1977 p.l7 ff). 
In the mass balance model rough estimates of sensible (H) 
and latent (E) heat transfer are obtained by using the following 
simplified approximations of the turbulent heat transfer equations: 
where ~ 
K 
w 
p 
-2 -1 H = p,c .K (T - T ) cal em hr p -h a s 
E = p.L.K (0,622/p)(e - e ) cal cm-2 hr-l 
w a s 
the transfer coefficient for heat (cm/hr) 
the transfer coefficient for water vapour (cm/hr) 
h . d . ( -3) = t e a~r ens~ty gm.cm 
c = the specifi£ 1h~a!1of air at constant pressure (taken as P 0·24 cal.gm . C ). 
L the la!rnt heat of vapc;risation of water (taken as 597•3 
cal.gm ) . 
p = the atmospheric pressure (mb) 
Ta = the air temperature (°C) at a height z (taken as 2m) above 
the surface 
T
8 
= the surface temperature (°C) of the melting glacial 
material (taken as 0°C) 
e = the vapour pressure of the air (mb) 
a 
e = the vapour pressure of the melting glacial material 
8 (taken as 6.11 mb) 
These equations are based on the assumption that the shear stress 
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and vertical fluxes of heat and water vapour are constant with height 
within the surface boundary layer. Furthermore they assume that the 
coefficients for heat (~) and the coefficient for moisture (Kw) 
equal the coefficient for the vertical transfer of momentum (K ) such 
m 
that: 
2-k t~ . 
-1 ~ K K z. = cm.hr w m 
( z/ z ) ] 2 [log 
e 0 
where = the wind velocity at height -1 u z (cm.hr ) 
z 
k = von Karman's con~tant (taken as 0·4) 
z = the height above the surface (taken as 200 em) 
z = 
0 
the roughness parameter (em) 
The assumption regarding the equality of the transfer coefficients is 
generally valid under neutral and near-neutral stability conditions 
(i.e. when the air temperature gradient is equal to or nearly equal to 
the dry adiabatic lapse rate). In such conditions the wind velocity 
can be assumed to vary with the logarithm of the height. 
The above method of calculating the turbulent heat flux: is 
thus, strictly only applicable in an atmosphere which is neutral. 
While some researchers (e.g. Grainger and Lister, 1966) believe that 
the logarithmic law may be valid for both neutral and extremely stable 
atmospheres, other studies (e.g. de La Casiniere, 1974) reveal that these 
assumptions are not valid under the generally stable conditions predomi-
nating over melting snow and ice surfaces. 
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Under stable conditions the air near the surface is cooled 
and assumes a higher density. This air tends to maintain its position 
when it is disturbed by turbulence, resulting in decreasing rates of 
turbulent exchange. A stability correction, thus, needs to be applied 
for the calculation of the transfer coefficients. Following Prine 
and Dunne (1976), the following simple correction for stable conditions 
given by Monteith (1957) is used in the mass balance model: 
where 
= 
K
15 
= the transfer coefficient under stable conditions 
(5 
R. 
1 
= the transfer coefficient under neutral conditions 
= a constant with a value of 10·0 (according to Webb, 1970) 
the Richardson number 
The Richardson number (positive for stable, zero for neutral, and 
negative for unstable conditions) is given by: 
where 
T 
R. = 
1 
g = 
fJ.T = 
= abs 
fJ.u = 
the 
the 
the 
the 
the 
and 
g. z. fJ.T 
acceleration due to gravity (em hr-2) 
temperature difference between the surface and 
height z (°K) 
temperature of the air layer (OK) 
difference in wind speed between the surface 
height z. 
The solution of these equations is further simplified by 
known boundary conditions at the melting snow and ice surface. The 
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temperature (T ) at the surface of the glacial material can be regarded 
0 
as 0°C while the vapour pressure (e ) can be assumed to equal the 
0 
saturation vapour pressure of water (6•11 mb). The wind speed (u) near 
the surface is assumed to be equal to zero, such that u = 0 at z = z • 
0 
The roughness length (z ) can be extremely variable,differing 
0 
with the changing snow and ice surface conditions during the course of 
the ablation season. For a given surface, however, z can be expected 
0 
to remain constant especially with wind speeds below th0se leading to 
snow drifting. It is usually estimated from detailed measurements of 
wind profiles over the surface in question. Since this was not possible 
in the present study, mean values conventionally used for the different 
states of the glacial material were obtained from the litrature as 
z = 0·4 em. (for snow), 0·25 (for firn) and 0•1 (for ice). In view of 0 . 
uncertainty in the accuracy of these values it is, perhaps, fortunate 
to note that even a difference of about 0·5 em in the value of z is not 
0 
very critical for the turbulent heat calculations (Price, 1977 p.30). 
Using these boundary conditions, the turbulent heat exchange 
can be calculated from values of wind speed (U ), temperature (T) and 
a a 
vapour pressure (e ) at only one height above the glacial material surface. 
a 
The estimated input values of air temperature and wind speed at each grid 
point of the altitude matrix (sees. 6.3 and 6,5) are considered to be 
representative for the 2in level. The mean vapour pressure at each grid 
point can be determined from the mean relative humidity and saturation 
vapour pressure at the monthly mean air temperature by using the 
following expressions: 
e r.e /100 
a s 
) 
) 
where e 
a 
r 
the vapour pressure (mb) 
the relative humidity (%) 
e = the saturation vapour. pressure (mb) 
s 
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The monthly variation of the mean monthly relative humidity at the base 
meteorological station is shown in Fig. 8,13a. 
The relation between the saturation vapour pressure (e ) and 
s 
mean air temperature (T in °C) can be expressed as: 
e 
s 
(Haurwitz, 1941 p.9 after Tetens), 
The vapour pressure (e ) can be adjusted for altitude by 
a 
using the following empirical formula developed in mountainous areas 
(Kuzmin, 1972 p.l22): 
where 
e 
a 
e 
a 
e 
0 
a 
m 
= e .10-ma 
0 
the vapour 
= the vapour 
pressure 
pressure 
the altitude (km) 
at 
at 
an empirical constant 
mountain regions 
altitude a (mb) 
sea level (mb) 
determined to be 1/6•3 for 
The density of air will also vary with altitude according to 
changing pressure conditions. An approximate relation for the variation 
of air density (p) with atmospheric pressure (P) is given by List (1966 
p,290): 
) 
) 
where 
where 
p 3'4838.10-4 .P/T* 
p the air density (g.cm-3) 
P = the atmospheric pressure (rob) 
T* = the virtual temperature of air (°K) 
T* = T/(l-0·379(e /P)) (Haurwitz, 1941 p.8). 
a 
0 T = the au temperature ( C) 
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The variation of atmospheric pressure (P) with altitude can be obtained 
from the relation provided by List (1966, p.268). 
where 
P = P [l-(0·0065a/288) 5 ' 256] 
a o 
p 
a 
the mean atmospheric pressure at altitude a (rob) 
P the mean atmospheric pressure at sea level (rob) 
0 
a = the altitude (m) 
The monthly variation of the atmospheric pressure at the base 
meteorological station is shown in Fig. 8.13b. 
Using the above relations, the net hourly turbulent energy 
exchange due to the sensible and latent heat fluxes can be calculated 
for each relevant grid intersection of the altitude matrix. The monthly 
estimates of turbulent heat transfer are made by multiplying the mean 
hourly values by the duration of the monthly 'melt-period' as indicated 
by DMHRS and DAYSML. The computational method is programmed in the 
subroutine TBHEAT and Fig. 8.6c depicts the spatial variation of the 
') 
) 
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turbulent energy balance for July over the Nupur 'test' matrix. 
It should be emphasised that the above method of estimating 
turbulent energy transfer is rather approximate due to uncertainties 
in the accuracy of the spatial variations of temperature and wind speed 
estimates (chap. VI), the degree of validity of the various assumptions 
for the turbulent transfer process, and the problem of heat brought in 
by horizontal advection. 
A potentially serious error is introduced in the estimation 
of the turbulent energy exchange by neglecting the heat flux~due to 
local and large scale advection processes, The possible importance of 
heat brought in from areas adjacent to the glaciers has been noted by 
Ohmura (1971) while, in areas of patchy snowcover, Gray and O'Neill 
(1974) found that significant amounts of heat may be advected from snow-
free areas and used to melt the snow in adjacent snow-covered areas. 
Under such continuously changing boundary layer characteristics, the 
above aerodynamic formulae need to be used with caution. 
A correct theoretical approach to this problem would be to 
develop a two- or three-dimensional method of calculating the energy 
exchange process (e.g. Weisman, 1977). However, with the limited infor-
mation available, such an approach was not feasible in the present study 
and the computation of the turbulent transfer of heat has been simplified 
by assuming a vertical one-dimensional heat flux. 
The averaging of the turbulent energy balance over long periods 
of time is also questionable, in view of the fact that stability condi-
tions may change over short time intervals .. However, for the duration 
of the period for snow and ice melting, it is thought likely that 
similar conditions prevail for much longer periods. 
The application of the above method for the calculation 
of sensible and latent heat fluxes on Baegisirjokull, using the July 
1968 meteorological values, yielded comparable daily values of the 
turbulent energy exchange to those estimated by Bjornsson (1972 and 
personal communication). 
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Glacier 
McCall Glacier, Alaska 
Boas Glacier, Baffin Island 
Baegisarjokull, North Iceland 
Storbreen, Norway 
Worthington Glacier, South 
Eastern Alaska 
Capps Glacier, Alaska 
Omnsbreen, Norway 
Lemon Creek Glacier, Alaska 
Peyto Glacier, Canada 
Ampere Glacier, Kerguelen Islands 
Ivory Glacier, New Zealand 
...; 
TABLE 8.1 
Relative Importance of Heat Sc~rces for Glacier Ablation 
(from some recently reported stu~ies) cf. Parerson (1969, Table 4.2) 
Altitude Latitude (m) Surface Dates 
69°18'N 1730 snow/ice 13 June-28 Aug 1970 
67°35 'N 1140 snow 9.June-7 Aug 1970 
65°36'N 1100 snow July, Aug 1967 
61°35'N 1600 snow/ice 6 July-8 Sept 1955 
61°lO'N 850 ice 16 July-1 Aug 1967 
61°N 1743 ice 30 June-4 Aug 1979 
60°39'N 1540 snow/ice 3 June-S Sept 1968 
3 June-8 Sept 1969 
58°23'N 1200 firn 5 Aug-20 Aug 1968 
51°39'N 2510 snow/ice 1 July-15 .Tuly 1970 
49°5 200 ice 8 Jan-2 Mar 1976 
43°08'5 1457 ice 5 Jan-14 Feb 1972 
28 Jan-14 Feb 1973 
Refreezing of meltwater supplied 14% of heat 
2 : Refreezing of rain supplied 3% of heat 
3 : Refreezing of rain supplied 2% of heat 
7. contribution· of 
Rad. Conv . Co ...:I. 
74 26 -
60 18 81 
51 33 16 
54 32 14 
51 29 20 
81 12 7 
so 34 16 
55 31 14 
49 43 8 
44 48 8 
58 26 16 
53 33 112 
51 25 223 
Reference 
~endler and Weller (1974) 
Jacobs et al. (1973) 
Bjornsson (1972) 
Liestll!l (1967) 
Streten and Wendler (1968) 
Aufdemberge (1974) 
Messel (1971) 
Wendler and Streten (1969) 
Fohn (1973) 
Poggi (1977) 
Ander ton and 
Chinn (1978) 
~' 
N 
co 
0\ 
.,_; v 
TABLE 8.2 
Illustration of the Diurnal Variation in the Individual Components of the ~~~~ s~brcu~i~e 
Time Increment (60 minutes) H e 0: D L '\ Rc (1-a:) ,..., nc c 1-a:) ... , 
l -10.278 2.235 0.918 0.002 2.065 0.930 0.076 0.930 0.076 
2 - 9.230 5.918 0.809 0.383 5.270 2.544 0.485 3.474 0.561 
3 - 8.183 10.638 0.706 2.961 8.297 5.066 1.491 8.540 2.052 
4 - 7.136 16.138 0.622 8.'}60 10. 691 8.4}8 3.188 16 .. :,77 5.240 
5 - 6.089 22.133 0.562 15.695 12.106 12.511 5.482 29.488 10.7 22 
6 - 5.042 28.315 0.522 24.409 12.916 16.796 8.034 46.234 18.757 
7 - 3.994 34.330 0.496 33.043 13.347 20.876 10.511 C7. 160 29.2~ 
8 - 2.947 39.762 0.481 40.643 13.553 24.388 12.647 9l. 548 41.915 
9 - 1.900 44.112 0.473 46.458 13.636 '21. 042 14.252 na. 590 56.166 
10 - 0.853 46.845 0.469 49.948 13.663 28.625 15. 203 1!.7 .:l~ 71.369 
ll 0.194 47.533 0.468 50.803 13.667 29.011 15.!.35 176 . .226 86.804 
12 1.242 46.051 0.470 48.948 13.657 ::a .112 14.'131 20~.3?8 101.736 
13 2.289 42.658 0.476 44.547 13.614 28.173 13.7 27 230.5:"0 1i". :t)J 
g 3.336 37.844 0.486 37.995 13.495 23.171 ll.9~,.; 253 .74! 127.)i0 
15 4.383 32.142 0.504 29.912 13.220 l9.HO 9.619 273.150 136. S>90 
16 5.430 26.020 0.535 21.127 12.670 15.208 7.079 288.359 144.069 
17 6.477 19.869 0.582 12.873 11.563 10.996 4.601 299.355 148 .. 5/v 
18 7.525 14.023 0.650 5.835 9.916 7.088 ? , ... Q _ ..... , ..... 305.443 151..147 
19 8.572 8.781 
. 
0.742 1.62.4 7.273 4.004 l.f1"32 3:c .'-4? 15 I .!79 
I 
20 9 .6[9 4.418 0.850 0.073 ~.0'-J 1.352 0.277 3 t 2 . .29'? 152.!.56 I 
21 10.666 1.178 0.955 0.000 1.089 0.~90 0.022 ..... ., -... .::~ > L-. ,- 0 ~ 152.478 
H = hour angle, e m solar altitude. o: = albedo. D = direct sclar radiation, d z diffuse solar radi~tion, 
RC • Global radiation corrected for cloud cover, RC(l-o:)z absorbed global radiation, TRC = cumulative total of R,, 
TRC(l-a:} = cumulative total of ~(1-o:). 
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FIGURE 8.1 
Effect of Altitude on the Contribution of Net Radiation to the Glacier Heat 
Balance. (data from Haakensen and Wold (Eds.), 1981 p.45). 
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Diurnal Variation of Temperature at Bolungarvik (1946-1953) 
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FIGURE 8.3 
(a) Monthly Variation in the Amplitude of Diurnal Variation Range (°C) 
at Bolungarvik (1946-1953). 
(b) Number of Days with Frost at Sudureyri (1951-1960) 
Source: Icelandic Meteorological Office. 
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FIGURE 8.4 
Number of Frost Days as a Function of the Monthly Mean Air 
Temperature at Sudureyri (mean of 1951-1960). 
Source: Icelandic Meteorological Office. 
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FIGURE 8.6 
Variation of Energy Balance Components Over the Central Nupur 
Matrix (for July) 
(a) Global Shortwave Radiation 
(b) Shorewave + Longwave Radiation 
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FIGURE 8.8 
Shortwave Radiation Receipt (July) Over the Central Nupur Matrix. 
(a) Without Shadow Routine (b) With Shadow Routine. 
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(a) Annual Variation of Solar Declination (Degrees) 
(b) Duration of Daylight at 65°N (Hours) 
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Variation of Atmospheric Transmissivity (Iceland} 
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Variation of Glacial Material Albedo With Solar Altitude 
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Test of Accuracy for the Calculation of Global Solar Radiation 
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(a) Variation of Mean Monthly Relative Humidity at Galtarviti (1958-1967). 
(b) Variation of Monthly Atmospheric Pressure at Galtarviti (1931-1960). 
Source: Ve<l'rattan: Icelandic Meteorological Office. 
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CHAPTER IX 
MASS BALANCE SIMULATION 
Following the modelling of accumulation and ablation processes, 
(described in the preceding chapters), the net mass balance of glacial 
material present at each grid point of the altitude matrix, at the end of 
any month's simulation, can be determined. This is specified in the mass 
balance model by recording both the total depth and water equivalent of 
glacial material, (given by the matrices TDEPTH and TWEQ respectively), 
and that part present in the form of snow, firn and ice. 
The application and validity of the mass balance model is 
tested in this chapter by simulating mass balance variations in the two 
Icelandic sample areas (sec. 4.7). 
9.1 Nupur Mass Balance (1931-60) 
The mass balance model was first applied to the 80x80 Nupur 
matrix (Fig.5.16). Using the 1931~60 mean climatic input for the Nupur 
area (Fig. 6 .1), the monthly simulation of mass balarice is depicted by 
means of line printer maps in Figs. 9.1 to 9.13. The spatial variations 
in snow cover can be related to the topographic variations in the Nupur 
area by comparing the mass balance results with Fig 5.16 or by utilizing 
the transparent overlay for the Nupur matrix (provided in the pocket 
bound in the back of this thesis) . 
The simulation was started 1.n October, at the beginning of the 
accumulation season. The snow cover is seen to extend from the highland 
areas in October (Fig. 9.1) to the whole matri.x by December (Fig. 9.3). 
) 
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Snow drifting from the plateau areas (once minor roughness has been 
covered), and avalanching off the steep slopes becomes evident in 
January (Fig. 9.4). The transported snow is deposited in suitable 
concavities at the foot of avalanching slopes. This trend of increasing 
snow cover in favoured localities continues through February (Fig. 9.5), 
and March (Fig. 9.6), sees the maximum snow accumulation in the Nupur 
area. 
The effect of the ablation routines becomes apparent in April 
(Fig. 9.7) with the melting of snow in the low-lying valley areas, which 
experience positive energy balance conditions. Melting of snow extends 
to higher altitudes as the ablation season advances (Figs. 9,8 to 9.10). 
Towards the end of the ablation season (Figs. 9.11 to 9.12) pockets of 
snow remain only in localised concavities, sheltered from the effects 
of solar radiation and wind erosion. This annual cycle of mass balance 
variations recommences at the start of another accumulation season in 
October (Fig. 9.13). 
While the above pattern of mass balance changes in the Nupur 
area corresponds in general fashion with observations of snow cover 
distribution (during the summer months at least), some form of test of 
model validity is desirable. 
9.2 · Model Validation 
The problems of obtaining suitable field data for testing the 
validity of the mass balance model were discussed in sec. 4.6. It was 
pointed out that only limited testing of model validity was possible by 
comparing the simulated mass balance results with observations of snow 
eover and local glacier distribution in the sample Icelandic study areas. 
9.2.1 Nupur Snow Cover Distribution 
(i) Comparison of the Nupur snow cover distribution as mapped from 
aerial photographs (July 1959) with that simulated by the mass balance 
model using the climatic input for the balance year preceding July 1959. 
An attempt was made to map the major (>100 m.) snowpatches in 
the Nupur area from aerial photographs taken at a scale of about 1:36,000 
(Fig. 4.10). Using the appropriate climatic input for the mass balance 
year preceding July 1959 (provided b~ the Icelandic Meteorological Office) 
the simulated snow cover at the end of July is shown in Fig. 9.14. The 
distribution of the observed snowpatches is also shown in the same figure. 
An approximate validation test of the mass balance model is provided by 
comparing the simulation results with the distribution of snowpatches mapped 
from the aerial photographs. 
(ii) Comparison of the Nupur snow cover distribution determined by 
field mapping (August 1978) with that simulated by the mass balance model 
using the climatic input for the balance year preceding August 1978. 
Due to difficulties in the accurate determination of the 
position and size of snowpatches from aerial photographs, a better indi-
cation of the Nupur snow cover towards the end of the ablation season 
(August 197$) was obtained by mapping the distribution of snowpatches in 
the field itself (Fig. 3.6). As in the above case, sec. 9.2.l(i), the 
distribution of the major snowpatches can be compared with the simulated 
mass balance at the end of August (Fig. 9.15), determined by using the 
appropriate climatic input for the mass balance year preceding August 1978 
(provided by the Icelandic Meteorological Office). 
These tests of model validity reveal a fair degree of agreement 
between the simulated mass balance results and the observed snowpatch 
distribution, In particular, the August 1978 pattern of major snm.;rpatches, 
determined by field mapping, matches closely with the simulated distribution 
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of grid squares with positive mass balance (Fig. 9.15). Only two out 
of the thirteen observed snowpatches are not represented by sites of 
simulated positive mass balance in the corresponding or adjacent grid 
squares. In both cases the snowpatches are found on rather steep slopes 
(36·8° and 44·3°) without any marked concavity being present; in fact 
both sites have slightly positive values (1·1 and 2·9°/100 m.) for profile 
convexity. Furthermore only three out of the fourteen predicted sites of 
positive mass balance are not represented by field observations. In all 
three cases, however. the predicted accumulation is relatively minor 
(less than 50•0 em. water equivalent). 
The observed and predicted snowpatch locations in the Nupur area 
are typically found to lie at altitudes of between 460- 530 m., on slope 
gradients of between 20 and 38 degrees, with slope aspects of NE-N-NW. 
They are situated in concavities with the values of profile convexity 
being between -2 and -15 degrees per 100 m., whi.le those of plan convexity 
being between -20 and -80 degrees per 100 m. 
The correspondence between simulated and observed snow cover 
is less satisfactory in the case of the June 1959 results (Fig. 9.14). 
This is due, at least partly,to the problems of estimating the importance 
and position of snowpatches from aerial photographs. In the majority (75%) 
of the cases,however,the observed snowpatches havebeen predicted by positive 
mass balance in the corresponding or adjacent grid square position; while 
in 74% of the cases, simulated sites of positive mass balance correspond 
to the observed distribution of snowpatches. 
The above tests of model validity also provided some indication 
of model sensitivity by observing the effect of changes in model components 
) 
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on the simulated mass balance results. For example, the inclusion of 
the shadowing subroutine (SHADE) for direct shortwave radiation computa-
tions, was found to have little effect on the predicted snow cover 
distribution (sec. 8. 3 .1) . A more important consideration was found to 
be the selection of the snow thickness threshold, to cover minor roughness 
on the plateau areas, before substantial snow drifting could take place. 
The original estimate of 50,0 em was found to be too high. The closest 
comparison of the simulated snow cover distribution, at the end of the 
ablation season, with the observed pattern of snowpatches was obtained by 
using a snow drift threshold thickness of 30.0 em. Furthermore, setting 
both the percentage of snow lost by being blown off the plateau edge during 
the drifting process (sec. 7.2.2) and that assumed to sublimate during the 
avalanching process (sec. 7.3.2) to 20% of the total snow being transported 
in each case, was found to give satisfactory results in the above 
simulations. 
9.2.2 Thvera Local Glacier Distribution 
Further validation of the mass balance model was attempted by 
simulating glacier mass balance on the Thvera matrix (Fig. 4.9). 
The present-day distribution of local glaciers in the Thvera 
area (shown in Fig. 9.16) was determined from aerial photographs and field 
observations (Nigel Griffey, personal communication). These glaciers are 
believed to have originated or reached their maximum extent during the 
'Little Ice Age'. 
Initially the mass balance distribution in the Thvera area was simu-
lated by using the mean climatic input for the period 1931-60, (obtained 
for the base climatological stations. Skri~uland and Holar i Hjaltadal), 
) 
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and appropriate combinations of topographic parameters (derived from 
the Thvera altitude matrix) to delimit significant topographic features, 
such as plateau areas and concavities (sec. 5.6). Following. this, 
attempts were made to simulate the generation sites of the local glaciers 
in the Thvera area by using mean monthly temperatures reduced from the 
1931-60 averages in an attempt to represent temperature conditions during 
the Little Ice Age (sec, 2.3.5). 
It was found that incipient cirque glaciers simulated with a 2.0°C 
drop in mean air temperature (Fig. 9.17) best represented the expected 
generation-sites of the Thvera local glaciers. The glacier simulations 
were carried out in 3-year periods and the mass balance results presented 
in Fig. 9.17 portray the grid squares with greater than 10m. of ice 
accumulation after 36 years of simulation. A transparent overlay for the 
Thvera area is provided (in the pocket bound in the back of this thesis) 
to relate these glacier mass balance variations to the local topography in 
the Thvera area. 
The greatest concentration of simulated ice is found in the 
numerous cirques enclosed by steep avalanching slopes. To a lesser extent 
some accumulation of glacial material is evident in the flat-lying valley 
floors and at the foot of avalanching slopes. 
A comparison of.the simulated results (Fig. 9.17) with theobserved 
local glacier distribution in Thvera (t.lS.:i.n,g the transparent overlay for 
Thvera) reveals that, with the exception of the south-western part of the 
Thvera matrix, the predicted sites of glacier ice development generally 
correspond with the expected generation-sites of the observed glaciers. 
The north-facing cirque in the extreme south-western corner of the matrix, 
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adjoining a plateau remnant, which was predicted to contain glacier 
ice, however, remains rather surprisingly unglacierised. In contrast, 
the expected generation site of the adjacent (eastwards) glacierised 
cirque is not evident in the simulation results. In the latter case, 
the discrepancy appears to result from the lack of a well-defined source 
area (in terms of avalanching slopes for example) for substantial snow 
accumulation to be simulated. This could be a consequence of difficulty 
in determining the topography beneath the ice cover (sec. 5.2.l),due in 
this case,to the rather complicated pattern of ice flow over the ridge 
to the south-east. 
In contrast to the Nupur mass balance simulations (sees. 9.1 
and 9. 2 .1), the greater relief amplitude present in the Thvera matrix 
w-; l:.h. 
(1105 m. compared 766 m. in the Nupur matrix), suggested a need to 
" 
include the shading effect in modifying solar radiation. This is borne 
out by Fig. 9.18 which depicts the reduction (%) in direct solar radiation 
received in July at each grid point of the Thvera matrix. It was found 
that topographic shading resulted in a reduction of about 30% on some 
w-ith. 
sheltered north-facing cirque slopes compared less than 14% in the 
" 
Central Nupur matrix (Fig. 8.7). In view of this, the SllADE subroutine 
was incorporated in the Thvera glacier balance simulations. To offset 
the increase in computer time,the radiation computations were conducted 
for one representative day in each month (using the sun's declination, 
duration of daylight and transrnissivity values for the 15th of each month). 
The primary aim of the mass balance model is to determine the 
sites of local glacier generation. While the latter are indicated by 
areas of positive net mass balance, their determination can be further 
enhanced by identifying those grid squares with sufficient ice accumulation 
for glacier flow to occur. The detailed modelling of glacier flow is 
~) 
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beyond the scope of this study; however, an attempt, was made to 
incorporate a simple routine into the mass balance model for the 
determination of ice flow, based on its variation with ice thickness 
and slope gradient. 
Assuming perfect plasticity, the critical thickness at which 
the ice at any grid square will begin to flow can be estimated from 
the well known equation: 
T ::::: p g h sinoc 
0 
Vlhere T = the basal shear stress (taken as 1 bar) 0 
p ::::: the density of ice 
g the gravitational acceleration 
h = the ice thickness 
cc the slope of the upper ice surface 
In the present study the mass balance cover over the altitude 
matrix is defined in terms of 100m. grid squares. If it is assumed that 
the glacial material is evenly distributed within each grid square and that 
the ice thickness does not differ greatly in adjacent squares, then the 
1ce surface slope can be regarded as being the same as that calculated for 
the ground surface. Furthermore the direction of ice movement can be 
taken to correspond with the aspect of the maximum gradient for any 
particular grid square. 
The critical thickness (CRIT(I,J)) for ice flow at each grid 
square can be calculated from the above equation (given by h = T /pg sin cc), 
0 
These critical ice thickness determinatiomneed only be carried out once 
(for each study area to which the model is applied) at the start of the 
.\. 
j ';· 
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simulation program, prior to the mass balance calculations, 
Having determined the critical thickness for ice flow at 
each grid square, the question of the rate at which glacial material is 
transferred from grid squares where the ice has achieved its critical 
flow thickness to other adjacent grid squares, needs to be resolved. 
For this a consideration of ice flow velocities in cirque glaciers is 
necessary. 
Now basal sliding has been shown to be the predominant type of 
ice movement in temperate cirque glaciers (e.g. McCall, 1952 p.62). From 
published measurements of sliding velocity, Paterson (1970) obtained the 
following relationship between glacier thickness (h in m.) and the annual 
. -1 
mean velocity of basal sliding (Ub ln rna ): 
This empirically-derived relationship was used to provide an 
indication of ice flow rates expected with varying ice thicknesses. Given 
a constant rate of annual net mass balance increase, the initial ice 
mass in any grid square which has achieved the critical flow thickness, 
can be considered to be transferred to an adjacent grid square (in the 
direction given by the aspect of maximum gradient) after it has moved a 
distance of 100-141 m. 
Now the critical flow thickness at the predicted sites of glacier 
generation in the Thvera matrix was generally found to vary between 35 
and 55 m. Using the above relation between ub and h, these critical 
thickness values correspond to sliding ice velocities of 3·2 and 5·0 -1 m a 
') 
) 
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respectively. Thus it would take between 20 and 44 years, following 
the establishment of critical flow conditions at any grid square, for 
the 1ce mass to be transferred to an adjacent grid square. An examination 
of the sites of local glacier generation in the Thvera matrix further 
revealed that, within this period, an ice thickness equivalent to about 
two times the critical flow thickness would have been achieved. 
Thus, in order to simplify the flow computations in the mass 
. balance model, it is considered that once a grid square attain~ an ice 
thickness corresponding to twice its critical flow thickness, then half 
of the total water equivalent (composed of ice, firn, and snow) present 
is transferred to an adjacent grid square in line with the expected 
direction ~f flow. The water equivalent, density and thickness of the 
glacial material at the latter grid square are then recalculated, taking 
into account the amount of glacial material received and that already 
present from previous accumulation. If the ice thickness at the grid 
square receiving this additional glacial material is, in turn, found to 
exceed by more than two times its corresponding critical flow thickness, 
then half of its total water equivalent is transferred to next grid square 
in line with the 'flow' direction. This process is continued until the 
ice thickness at the grid square receiving glacial material does not 
exceed the 2 x critical thickness threshold value 1 or the limits of the study 
area are reached. 
The above procedure for the determiaation of 'glacier flow' is 
programmed in the subroutine FLOW which is called by the main program at 
yearly intervals of mass balance simulation. This routine provides 
a rough approximation of the manner in which the ice is initially expected to 
'flow' · from areas of positive mass balance. The initial direction of 
flow, frmn grid squares which have achieved critical flow conditions, is 
indicated for the simulated'Thvera glacier in Fig. 9.17. In order to model 
') 
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the development of these glaciers up to their present limits, a more 
sophisticated treatment of glacier flow, incorporating the theoretical 
ideas of such workers as Nye, Weertman, Lliboutry, Budd and Kamp is 
needed. Work towards this end, in a related study to the present one, 
is in progress (Richard Hindmarsh, personal communication). 
9.3 Simulation Experiments 
Following the above attempts at testing model validity, the 
application of the mass balance model was illustrated further by conducting 
a number of simulation runs using varying climatic inputs. While there 
can be no unique solution to the problem of defining the climatic conditions 
necessary to produce a given pattern of glacier mass balance distribution, 
changes in glacieri~ation are usually expressed in terms of changing 
temperature and precipitation conditions (sec. 2.3.5). Thus the effect of 
climatic changes on glacier balance in the Nupur 'test' matrix (Fig. 5.21) 
was simulated by the following changes (from the 1931-60 averages) in the 
air temperature and precipitation conditions at the base station: 
( i) 2 degree overall temperature drop. 
(ii) 2 degree 'winter temperature' drop (representing the drop 
in temperature during the accumulation months, Nov.- April). 
(iii) 2 degree 'summer temperature' drop (representing the drop in 
temperature during the ablation months, May- Oct.), 
(:i.v) 50% increase in precipitation. 
(v) 100% increase in precipitation. 
(vi) 4 degree overall temperature drop. 
(vii) 2 degree temperature drop + 50% increase in precipitation. 
The distribution of glacier mass balance (ice thickness abov~ 
10 m) after 30 years of simulation for each of the above cases is 
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illustrated in Figs. 9,19 and 9,25. The variation of simulated mass 
balance over the ·'test' matrix can be analysed by use of the transparent 
overlay for the Central Nupur matrix (provided in the pocket bound in 
the back of this thesis). 
An analysis of the simulated results reveals that with a 2 
degree drop in air temperature glacier ice is predicted to attain ) 
sufficient thickness for incipient glaciers to form in a number of the 
concavities found in the Central Nupur matrix (Fig. 9.19). The location 
of 'these concavities adjacent to plateau remnants where they can trap 
drifting snow appears to be a significant factor in the formation of these 
local glaciers (as noted in sec. 3.2.1 with reference to snowpatch 
distribution). For examp ie, the absence af glac:d.erisadon in the cirque 
located in the north-eastern corner of the matrix, viz. Berjadalur,(refer 
to Fig. 4.8),can be explained. by its location beneath a sharp ridge 
with limited area compared with the more extensive stretches of upland 
plateau adjacent to the other glacierised concavities. 
The importance of such summit plateau areas for snow-drift 
nourishment and the survival of cirque glaciers has also been emphasised 
by researchers in the Colorado.Front Range (Outcalt and MacPhail, 1965), 
Rocky Mountains (Graf, 1976), Urals (Troitskiy et al., 1966), and 
Cairngorms (Sugden, 1977c). 
The relative effects of a 2 degree 'winter cooling compared with 
a 2 degree 'summer' cooling are shown in Figs. 9.20 and 9.21 respectively. 
It can be seen that a greater number of grid squares with ice thickness of 
10 m or more are predicted with a 2 degree temperature drop during the 
sunnner months compared with a temperature drop of the same magnitude during 
the winter months. This appeara to reflect the fact that a reduction in the 
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ablation of glacial material (as a result of summer cooling) is more 
critical for glacier balance in the Central Nupur matrix than is 
increased accumulation (as a result of winter cooling). 
It is interesting to note that a 50% increase in annual preci-
pitation at the base station results in a pattern of glacierisation 
(Fig. 9.22) similar to that achieved with a 2 degree drop in overall air 
temperature (Fig. 9.19). Simulating glacier balance with more extreme 
climatic deteriorations, e.g. 100% precipitation increase (Fig. 9.23) and 
a 4 degree temperature drop (Fig. 9.24) results in further sites becoming 
available for glacier generation in accordance with the "law of decreasing 
glacial asymmetry with increasing glacial cover" (Evans, 1977 p.l69). In 
the above simulation experiments the most widespread distribution of 
glacier ice was produced by the combined effect.of a 2 degree drop in air 
temperature and a 50% increase in annual precipitation (Fig. 9.25). 
It should be noted that the presence of any substantial glacier 
ice in Berjadalur is only effected with rather extreme climatic changes 
(e.g. 100% precipitation increase or a 4 degree drop in air temperature) 
to offset the lack of snow-drift accumulation. These simulations.also 
reveal that in Grj6tdalur, it is only the southern part of the cirque 
(i.e. the north-east facing slopes) that is predicted to contain glacier 
ice. This appears to reflect the differential income of solar radiation 
on slopes of differing aspects. 
These simulation experiments serve to illustrate how the effect 
of a given climatic change on glacier mass balance can be analysed. 
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FIGURE 9.2 
Nupur Mass Balance Simulation (1931-60) November (A=2) 
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FIGURE 9.3 
Nupur Mass Balance Simulation (1931-60) December (A=3) 
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FIGURE 9.4 
Nupur Mass Balance Simulation (1931-60) January (A=l•) 
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FIGURE 9.5 
Nupur Mass Balance Simulation (1931-60): February (A=S) 
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FIGURE 9.6 
Nupur Mass Balance Simulation (1931-60) March (A=6) 
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Nupur Mass Balance Simulation (1931-60) April (A::.7) 
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Nupur Hass Balance Simulation (1931-60): May (A=8) 
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Nupur Mass Balance Simulation (1931-60) October (A=l3) 
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Comparison of Nupur Mass Balance Simulation Results (for July 
1959) with the Distribution of Major Snowpatches in the Nupur 
Matrix (mapped from aerial photographs, July 1959). 
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Local Glacier Distribution in, the Thvera Matrix 
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Percentage Reduction of July Solar Radiation Due to Topographic Shading 
in the Thvera Matrix 
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Central Nupur Glacier Balance Simulation 0 (2 C temperature 
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CHAPTER X 
CONCLUSIONS AND SUGGESTIONS FOR FURTHER STUDY 
This study has been concerned with an examination of the 
manner in which local topographical and climatological factors interact 
to control glacier balance. An examination of the factors affecting 
local glacier distribution and a review of glacier-climate studies, 
enabled the identification of the significant interactions between 
topographic, climate and glaciologic factors (Fig. 3.11). This was 
followed with the development of a deterministic simulation model which, 
with given inputs of local topography and monthly climate, locates site~ 
of positiv~ mass balance and cirque glacier generation in mountainous 
ranges of temperate areas. 
Space was represented in the mass balance model by use of a 
square-grid approach in which a regular array of interpolated altitudes 
serves as the basic input. Topographic parameters in the form of point 
altitude, gradient, aspect, profile and plan convexity values were 
generated for each grid intersection of the altitude matrix by means of 
a terrain-analysis program. The correspondence between calculated and 
measured values of these topographic parameters was shown to be close 
(sec. 5.4). The accurate determination of these topographic parameters 
is important in view of their critical role in controlling mass balance 
processes. 
Following the definition of the topographic input, point values 
of local climatic variables (air temperature, snowfall, wind speed and 
direction) were estimated at each grid point from postulated relations 
between regional climate and local topographic parameters. The paucity 
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of existing climatic data (which <lre..often unrepresentative and sometimes 
completely lacking) led to the use of rather crude estimations and trends 
from what data that w-12.r~ available. These empirically-derived relations 
need further examination. In particular there is a need to set up field 
studies to examine the variation of local climatic variables over a range 
of different altitudes and slopes of differing aspects and gradients. The 
findings of these field investigations should then be combined with 
theoretical deductive analyses to produce more general models of local 
cl~natic variability. 
The use of a strictly physical approach for modelling certain 
mass balance processes was also prevented by a lack of quantitative under-
standing about these processes. For example, the complexity of the 
aerodynamic processes controlling snow drifting and avalanching <kf•"rz.s th.e.. 
development of a generalised physical-based mathematical model. Instead 
it was found necessary to adopt a more statistical approach,based on 
empirical relationships,which incorporated a number of assumptions regarding 
the manner in which snow is transported during wind drifting and 
avalanching. Further work should be aimed at testing the validity of 
these assumptions by comparing the simulated results with those obtained 
by detailed and continuous monitoring of snow transport in mountainous 
regions. In this respect, recent work on the measurement of wind speeds 
over mountain crests and the amount of drift-snow deposited in lee slopes 
(e.g. Fohn, 1980) should prove useful for understanding the processes 
governing the rate and spatial distribution of drift accumulation and 
avalanche formation. 
Comprehensive modelling of glacial material melting was also 
made difficult by the fact that most of the reported energy balance studies 
over melting snow and ice surfaces are of short duration and refer to 
limited sections of isolated glaciers. There is a paucity of information 
·: i,' 
regarding the effect of large-scale energy balance processes, such 
as the horizontal advection of heat from ice-f·r~~ areas. Clearly, 
"if the thorough process of glacier melt is to be fully grasped~ 
glaciologists must examine not only the glaciers themselves, but the 
surrounding areas as well" (Ohmura, 1971 p.37). 
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In the process of developing a model framework for examining 
mass balance variations, then, this simulation exercise has also 
highlighted some of the areas in which further refinement and testing 
of model routines with more comprehensive and detailed data is necessary. 
For the present, some parts of the mass balance model (e.g. the computa-
tion of solar radiation receipt) inevitably are more detailed than others 
which are less amenable to mathematical treatment (e.g. snow drifting and 
avalanching). 
The mass balance model was developed and tested with reference 
to two areas in northern Iceland, viz. Nupur and T~vera. However, given 
the process-based approach, it should be suitable for the simulation of 
local glacier balance in any 'temperate' mountainous region. While the 
detailed verification of the various assumptions and simplifications used 
in the model has been constrained by the lack of suitable field data, the 
limited validation procedures that were possible, show the simulated mass 
balance results to compare fairly closely with the observed distribution 
of snowpatches and sites of local glacier generation in the Icelandic 
study areas (sec. 9.2). 
The simulated snow cover distribution in the Nupur area was found 
to be sensitive to changes in the snow drift routine, especially regarding 
the thickness of snow necessary to cover the minor roughness on the plateau 
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remnants. Loss of solar radiation receipt by topographic shading was 
found to be an important factor in the 1\hve·ra ·a:rea. In both areas, the 
success of the modelling approach reveals the important role of topo-
graphic parameters in determining spatial variations of local glacier 
mass balance. However. there is a further need to examine the relevance 
(for local glacier balance determination) of topographic parameters 
calculated from altitude matrices with differing grid intervals than 
the 100 m. used in this study. 
The mass balance model has been restricted to simulating the 
initial sites of local glacier generation. To simulate complete glacier 
forms would require the incorporation of routines for determining ice 
flow and glacier erosion as a function of glacier geometry. mass balance, 
thermal regime and the underlying rock type. Furthermore, with the 
modelling of large ice masses, the problem of how far the glacier modifies 
its own meteorological environment will need to be taken into account. 
The application of the mass balance model was illustrated by 
means of a number of simulation experiments in which the effect of changing 
climatic inputs on glacier balance was examined (sec. 9.3). These simu-
lation experiments reveal the glaciological sensitivity of marginally 
glacierised areas (such as northern Iceland) to small changes in climatic 
conditions. Such a simulation exercise should prove to be of value to 
the glacial geomorphologist concerned with assessing the effects of parti-
cular climatic conditions on past, present, or future patterns of local 
mountain glacierisation. Thus climatic. interpretations based on indirect 
evidence (e.g. cirque floor distributions) can he put on a sounder footing 
by simulating the actual process of local glacier development. 
%4 
The mass balance model also permits the relative effects of 
the various mass balance processes in different areas of glacierisation 
to be examined. A final possible application of the mass balance 
model is in contributing to the long-term planning of water resources, 
by enabling the effect of any postulated climatic trend on glacier mass 
balance to be analysed; and for the appropriate corrective action (e.g. 
by slowing down glacier melting, through albedo modifications, in the 
event of an expected increase in air temperatur~ to be taken. 
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APPE "0 I X A 
LISliNG OF PROG~AM GSPl 
GSP l 
P~OGRAM TO SIMULATE MONThLY GLACIER MASS BALANCE ($iJ",Flk~ 1 lCE• AT 
EACh GRIC lNTEkSECTlO~ Of AN ALTlTUCE MATRIXllOU M. ;RIO SPACI~~j. 
GSPl CFO~ A 40*d0 RECTANGLL~R M'TRl•t. 
JASBIR S. GILL (OURHA~) 1S79 
PROGRA~ GSPl COMPRlSEC Of 
SUBROUT1NES : HTEMP 
MSNO .. 
MwiNO 
wEXP 
TPGW 
MOAVA l 
PLA\1 
MOR 1 F 1 
OEP 
ORal NO 
MAIN ROUTINE 
~A \IAL 
A\IOIR 
~ElTP~ 
SMRAO 
GLSR 
s ... Aoe 
lt-RAO 
TBHEA T 
FLOtll 
+ 19 SU8ROUTI~ES 
c ··························••*•••••*•• ......... ***********•············ c 
c 
c 
' c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
M A I N R 0 L Tl N'E 
THE MAIN ROUTINE PRO VlOES OVERAll CONTROL Of THE CJMPUT J.llONAA.. 
PROCEDUI1ES SIMULATING GL~CIER BAlANCE. 
COMMON/CIMENSION BLOCKS PRO~IDEC FO~ THE fOllOWING-
T OPOG Fi ~PI·iV 
ALTIHJD£ (ALT) 
ASPECT lASP) 
SLOPE (SLOP) 
PROFILE CONVEXITY 
( PROFC! 
PLAN CONVEXITY 
(PLANC) 
POTENTIAl MELT 
PER IOOS 
CDMHf<Sj 
(TEMPML) 
( DAV SMU 
S"CW/ICE BALANCE 
'-ATER EQUIVALENT 
SNC" &WSNC'-1 
fi~N lkFIRN) 
ICE ChiCEI 
lClAl ClMEQ) 
TOTAL DEPTH (TOEPTHt 
CENSITV 
SNC~ ( OSNCw) 
FlRI'\ COFJPNI 
lCE lDICE) 
-
CLIMATE (iONTHL~) 
INITIAL SNO~ CO~t~ (SNJ~~ 
--AFTER DRIFTING lS~OWlJ 
-AFTER AVAL4ACH1t-.G tS .• J6tlt 
TEMPERATU~E (TEMPt 
WIND 'llll'i.l) Ud\EO) 
ENERGW 6ALA~CE 
GLOilAL iUC. ( ~ blJ 
LONG WA~E RAO. &XL~~) 
TOTAL RAD. ~ALANCE tfi~l! 
SENSIHLE HEAT •S6Hfj 
LA TENT ttt:A T ( Tltil) 
NET EN ERG W 81\LANCE lE 4GtU,.) 
lt-lCKNESS Of ICE (THIC) 
CRITICAL T~ICKNESS FCR flOW CCRITI 
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c 
C •co• DENOTES AN OPTIO~~l f~CCECU~f. 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
co 
co 
co 
co 
c 
c 
c 
c 
THE 
'1' 
• 5' 
• 2. 
'3' 
'1' 
• 4' 
FOLLOwlNG LOGICAL 1/0 UNITS APE USED IN THIS PRJ~RAH~ 
TO ~EAO IN TOPOG~~PhiC l~PLT liN FILE TPGlt. 
TO REAU IN PERIOD OF SIHULATIO~ (fROM TERMINAL JR CA~OS) • 
TO READ IN INITIAL ACCUMULATION COVEP DATA liN fiL£ ~tSO)e 
TO PRINT MAP SHC~ING POI~TS ~ITH SNOW/ftRN/lCE tiN fiLl SM~P~. 
TO ~RITE MESSAGES PRCVIOING A CHECK ON THE SIMULATIO~ RUN~~~ 
TERMINAL OR PRI~lEOl. 
TO -RlTE VALUES CF ~ASS BALANCE PARAMETERS tAT SPEClflfOEO 
INTfRVALSl FOR MAPPI~G (JN FILE ~BMAPI. 
TO WRITE NET MASS BALANCE VALUES AFTER THE ENO Jf A SlHULAf1J~ 
RUN tiN fiLE RES12 •• 
CO_MMON Al T C 40, l:iOI t ASP ( 40,80), SLOPl40, 80) ,PROfC(40e 80), PLANCl ~D, iO) 
l,WSNOW(40,dOa,wfiRNt40,80l,hiCEl~0,80a 
DIMENS10N OSNO~l40,80J,DflRN(4~,eo&,OICEl40,60) 
DI~ENSION TDEPTHl40,an•,TwEQ(40,eOt 
DlMEI'olSION SNO~C40,60, ,lEMPtltO,SOt,SNOWl llt0,80),SI'U._2(40,&01 
DIMENSION wlNOC40,80lt-~E0(4C,S0) 
OIMENSION GR8l(40,f0),)LW~(40 1 80),TR6L(40,80j 
OIME~SION SBHTt40,60) ,lLHT(ItO,SOI,ENGBlC't0,80a 
DIMENSION DMHRSl40,80),TEHP~l(~Q,80I,OAVSMLl40,aOj 
OIMENSIO~ CR1Tt40,601_,THIC(40,80) 
DIMENSION FOR MAP SHCwlNG POINTS ~ITH S~OW/FIRN/ICE AFTE~ E~ERt 
MONTH'S SIMULATION (CFTICN~L). 
DATA KO/lH /,Kl/lH+/,~2/lH•I,K3/lH./ 
DIM£NStON KORt80) 
READ IN NU,.,BER Of MOt-.TH IN wHICt-1 Slt!ULATICN IS TO BE STARTED C4Lj A,~J 
ENDED tA2l. 
REA0(5,laO)Al,A2 
100 FORMATllF3.0) 
C READ IN lNP~T VALUES Of M.E.,DE~SIT~, AND DEPTH TO OEflNE 1Nil14~ 
C ACCUMULATION COVER (USING P~OGRAH SIMINPl). 
C NOTE: X IS THE ACTUAL CAlENCAR ~Ct\fH U-12t IN ~HICH SUIULATlOi_. 1.) 
C STARTEC. 
c 
READ,2J X 
~EADI2l tCUSNO~(l,Jitl•l,40t,J•l,80J 
P.EA0(2• ((OFIRN(J,Jt,l=l,40J,J•l,80t 
I'EA0(2) ((UlCEtl,J),I'I:le40),J•l,OOI 
READC2) CtwSNOW(I 1 J),(•l 1 40),J•l,80) 
REA0(2l ((WFIRNll,Jt,I•lt4~l,J•1,60) 
R E A 0 ( 2 • ( ( w I c Et I ' J ) t I X 1 • 40 , J. 1 • EO. 
READ(2) ((TDtPTHti,Jt,l•l,40t,J•l,BOJ 
READl2) lCT~EQ(I,Jt,l=l,40t,J=l,~0) 
C READ IN BASIC INPUT TCPOG~APHIC~L OATA FROM TERRAIN \N4LYS1S PRJ,~4~. 
REAOlll ((Alfti,J),1=1,40),J:l,601 
READ U l ((ASH I ,J J, l:sl,JeO) ,J•l, 801 
READtl) ttSLOP(I,Jt,I=l,40),J•l,eOJ 
c 
READll' ( ( PkOFCC I,J~, !=1,40i ,J=l ,80) 
flE:AOClt UPL.\NC(l ,J).f::t,40) ,J::l,BO) 
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C UETEPMI~E ~EXPOSUREH AT EACH POINT FOR EFFECT 0~ •INJ SP~lD 
C CALCULATIONS USING SUBROLTINE ~EXP (RESULTS IN MATRl( ~RtLj. 
CALL IIIEXPC INREOt 
c 
C DETERMINE "C~ITICAL ThiCKNESS" CF ICE AT kHJCH FLOk ~ILL BEGIN. 
C MATRIX CRIT(l,Jt 
c 
DO 10 I: lt 40 
DO 10 J=l,80 
CR[T(l,JJ=O.O 
Sl=Sl0P(l,J)*l745.2f 5 
lf(SL.EQ.O.OJGO TC 11 
GO TC 12 
11 CRIT(l,JJ=999~99.0 
GO TC 10 
12 CRlT( I,JJ::l.06E6/(0.B5*980.665•SINCSLit 
10 CONTI~UE 
C A IS THE COUNTER FOR l~E ~U~BER OF ~O~THS THAT HAVE iEEN Sl~Ul4ft~. 
C X DENOTES THE PARTICULAR CALE~O~R MCNTH BEING Sl~UL4TED. 
C SIMULATION RUN IS STARTED IN OCTOBEP. CAT T~E BEGIN~ING OF THE 
C ACCUMULATION SEASONI. 
c 
A=Al 
2 x::x•t.u 
A=A•1.0 
X=AMOD(X~l.O,l2.0J•l.O 
CO TO KEEP 4 CHECK OF THE PARTICULAR MCNTh FOR WHICH Sl~ULATIO~ IS 1~ 
CO PROGRESS ~RITE OUT TbE SI~ULATICN MCNTH. 
""'~ I T E ( o, H) IJO ) A , K 
1000 FORMATC1X,l6HSIMULATIC~ ~O~TH,1Xrf4.0,1X,F4.~1 
c 
CO OPTIONAL ~KITE STATEMENTS INSE~TEC ~FTER EACH MAJOR i~CTiuN Of fha 
CO SIMULATION HAS BEEN CC~PLETEO 1~ GRCER TO KEEP TRACK OF ThE 
CC COMPUTATIONS. 
CO wRITE(6,l~Ol) 
1001 FORMAT(lX,61HSVSTE~ IhiTIALISEO,INPUT DATA REA0,8~GIN CLIMAT~ ~0~1 
1 UTA T IONS a 
c 
C CALCULATf MONTHLY TEMP AT EACH POINT USI~G SUORUUTIN~ MTf~P. 
CALL MTEMPlTEMP,xa 
CO WRITEC6,1002j 
c 
c 
100~ FORMAT(lX,27HTEMP CALCLLATIChS CCMPLETEOt 
CALCULATE ~ONTHLV SNO~ AT EACH POINT USI~G SUBRJUTINE 
CALL ~SNOWlTEMP,S~C~,~J 
CO kPlTEC6,1003) 
1003 FORMATllX,21HSNO~ CALCllATIChS CCMPLETEO) 
MSNCJI!.. 
c 
c CALCULATE MJNTHLY ~INC SFEEC AT E~Cb POI~T USING 
CALL M~INDCX,kiNO,~RECI 
SUa t 0 t.J Tl M: Mti1 :tO • 
CO kRITE(6,1004i 
1004 FORMAT(lK,27HwiND CALCLLATIO~S CCMPLETEO) 
c 
c 
c 
CALCULATE A~ALANCHING CN TO PLATEAU PRIOR TO ORlfTlN~ USl~~ 
SL8~0UTI~E MOAVAL. 
CALL MOAVAl(X,SNO~,lOEPTHl 
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CO WRITE(6,11Q5) 
1005 fO~MATllX,36HAVALA~Cti~G ON TO PLATEA~ OETERMlNEO) 
c 
c CALCULATE MONTHLY DRIFT AT EACh PCI~T USING SU8ROLTiiE MO~IFT. 
CALL MDRIFT(TEMP,S~Cw,SNOhl,TDEPTH) 
CO WRITEC6,1J06) 
1006 FORMATC1~,28HOklFT CALCULATICNS CO~PLETEDI c r 
C CALCULATE MONTHLY AVALANC~ING AT EACH POINT USING SUJROUllNE MA~~~. 
co 
CAll MAVALCSNOWl,S~C~2,TOEPT~) 
WRIT.EC6,10011 
1007 
c 
FO~MATt1Xt34HAVALA~Chi~G CALCUL~TIONS COMPLETED) 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
TO fiNO w.E.(CMl OF CLRRENT MONTHS SNOW, TAKING ACCOJNT Of SETT~li~G, 
DRIFTING, AND AVALANC~I~G 0~ S~CW OENSITY. 
DENSITY ASSUMPTIONS FCP ACCUMUl~TIC~ STATE AS filllOW~ : 
P2CAVAL S~OwJ 0.40, PCSETTLEO S~Oh) 0.25t PlCOAlfTEO SNO~) 0.3~ 
SNO~l(I,J) GlV~S T~E ~.E. AT EACH PCINT. 
SNOW(I,JJ GIVES THE OE~SIJY AT E4CH PQINT WEIGHTED fJR W.l. 
FIRST FINO THE PROPOPTIO~S OF SNOWFALL,ORIFT,ANO AV~LANCHING Af f4C~ 
PC INT. 
DO 13 1=1,40 
00 l 3 J= 1' 80 
P2=0 .o 
Pl =0 .0 
P=O.O 
IFCSNOW2(1,J).Ew.o.O.A~D.SNOM1CI tJl.E,.O.O.ANO.SNJ~(I,JJ.EQ.J.Ji 
lGO TO 14 
lfCSNOW2(1,J).E~J.Sr--Gwlli,JI.ANO.SNChlCI,JI.Ew.SNO..J(I,JU GO fO li 
If ( S NOM12 (I ,J I. EQ. S NO MU I, J t • AND. SNO~ U It JJ .L T • SNO .. C I ,J J • A. NO. ~NL.)IIIIJ.( 
li , J J • F Q • (3 I) • u·· T DE P T ~ ( I , J H I G 0 T C 15 
IF(SNOW2(I,Jj.EQ.SNChlCI,JJ.ANO.SNO~lCI,JI.GT.SN04CI 1 JAJ GG fL 1~ 
IffSN0~2(1,JJ.GT.SNO ... lCI,J).ANO.SNC~l(I,JI.GT.SNO~CI,Jj) GO fO 11 
lf(SNOW2(1 ,JJ.GT.S~CwlCI,J).AND.SNOWlCI,JI.E~.SNOA(l,JJJ GO fL ld 
If(SNOW2(1 ,JJ.LT.S~OklCI,J).ANO.SNOW2CI,JI.EQ.ClQ.O·TDlPThC1,~Jll 
lGO TC 15 
IFCS~Owl(I,J).EQ.(~O.O~TOEPTH(J,J)J.A~O.SNO•~CI,JJ.GT.S~Cwl(~,JJ.~ 
1 ND. SNOw lC I , J ) .l T. S ~ C.d I , J I J G 0 T C 15 
IN CASE NCNE UF THESE CONCITIONS APPL~ WRITE AN tRRO~ MESSALE. 
w R I T E ( b , 2\l .()j I , J 
200 fO~MATClX,39HSOMETHING ~RONG IN CUR~E~T SNO~ DENiiTV,2l4J 
GO TO 13 
14 SNCwl(l,J)=O.O 
SNOw (I ,J) =0.0 
GO TC 13 
1 5 P= S N C k 2 ( I , J ) 
GO TC 19 
16 PzSNOkti,J' 
Pl•SI\CWU!,J)· SNOwCI,JI 
GO TC 19 
1 7 P= S NC" C I , J b 
P 1 =SNOW lC I , J )- SNO n C I , J. 
:J P2>~SNOwl(l,J)··SNG-.l&t,J) 
GU T C 1 q 
1 B P:c SNG" ( I , J t 
P2=SNOW2CI,J)·SNO"l(J oJb 
C NCW FIND THE A~. "•E• ~NO DENSIT~ 
19 SNOwlCJ,J)=P2*0.40+P•0.25•Pt•0.30 
SNOWCI,Jl=SNOkl(l ,J)/(P2•P+Pll 
13 CONTINUE 
CO wRITE(o,l006) 
375 
1006 FORMATC1Xr46HCUR~ENT MON~H'S DENSITY CALCULATIONS COMPL~TED• 
c 
C TO FIND BALANCE Of SNC~t FIRN, AND ICE AT ENO OF EAC~ MONTH, ~lfk 
C ADJUSTMENT fOR CHANGES IN DENSITY AND CONSEQUENT CHANGES IN STAf~ Qf 
C GLAClAL ~ATERIAL. 
:.l C SNOw CDE"' <0.581, FIR~ CDEN 0.56~0.E5t, ICE COEN >O.d51. 
C OED IS THE MONTHLY INCREASE IN SNOW AND FIRN, TAKEN ~S-
C 0.02(SNOW) O.Ol(fiR~a G~/CM3 OURI~G THE WINTER MOirHS lTE~P<al 4N~ 
C O.OSCSNOWl 0.04Cf1R~a G~/CM3 OURI~G THE SUM"ER MONTHS. 
DO 20 1=1,40 
DO 20 J=l,80 
DED-=0.01 
If (T EM P U , J ) • G T. 0 • 0 ) 0 E 0 aQ • 0 4 
lf((0fiRN(l,Jl+OEOl.LT.0.85. GO TO 21 
C CONVEKSION UF fl~N INTO ICE • DICE ~EIGHTEO FOR W.E. 
D I C E ( 1 , J ) = (( D F I R N ( I , J HD E 0 U 1.\ f t R N U , J I + 0 I C E ( I , J I • ,41 C E( I , J j ) I U•l C E 
1 (I, J) t~f IRN (I, J)) 
~ICE(I,Jl=WICE(I,Jtt~FIRN(!,J) 
kFIR~(I,J)=O.O 
Of I R II. (I , J) =0 .0 
21 CONTIII.UE 
C OENSIFICATION Of FlkN. 
lf(OftRNCl,JI.EQ.O.OJ GO TO 22 
OFIRN<I,Jj=DFIRN(J,J)+CED 
22 CE0=0.02 
IF CT EM P 4 I , J I • G E. 0 • 0 ) 0 E 0 =0 • 0 5 
IF((OSNOw(I,JI+Of:C).LT.0.56) GC TO 23 
t CONVE~SIO~ Of SNO~ I~TC FIRN. 
DfiKNCI,Jl=CCDSNOkl I,Jt•DEDI•kSNCW(I,J)•OFIRN(I,JJ•~flR~lltJ!j/t• 
lNOW(l,J)+WfiRN(l,J)) 
w F If< N ( I, J J = w FIR N ( I , J J t h SNO h ( I , J) 
WSNOw(l,J)::O.O 
DSNOktl,Jl=O.O 
2.3 CONTIII.UE 
C OENSlf!CATIQN Of SNOh. 
IFC-SNOwli,JI+SNOwl(J,J).EC.C.O) GO TC 24 
D S N 0 w ( l , J ) = ( ( 0 S NO~ f I , J J + 0 f D ) • W S N 0 hi ( I , J I • S N C w ( 1 t J ) * S i\1 OW 1 ( 1 , J U I hi~ 
1 0 w ( 1 , J J t SN 0 k 1 ( I , J I ) 
wSNUwC I ,J) =•SNOkf I ,J) tSNOkl ( I,JI 
GO TC 2ft 
2't OSNOw(l,JJ=O.O 
WS~Ok(I,J)::O.O 
20 CONTINUE 
CO hRITECt,lU091 
1009 FO~MATtlA,34HSNO~/FIR~ OENSiflCATICN CETEPMINEOJ 
c 
C OETE~M[N~TIUN OF THE FCTE~TIAL ~Ell PE~lCOSe 
C OMHRS(I,JI,TEMPML(J,JJ,CA~SMlfi,JI 
CALL ~ELTPR(X,TEMP,CM~~S,TEMPMleCA~SMl) 
C 0 W R I T f ( 6 , 10 10 I 
1010 FORMATtlX,23HMELT PERICOS OETERMINECI 
c 
C DETERMINATION Of ENERGY e~LANCE (RAC+TURBULENT HEAT). 
376 
C FlkST CALCULATE kAO BALA~CE CCNSISTING Of SW~AO ANO Llr~RAO SALAf~(;.t. 
CAll SwRADCX,GRBL,DM~R59TEMP~L,OA~S~LI 
CO WRITE(o,lOll) 
lOll fORMAT(l~,23HS.~. ~ADIATIO~ COMPUTED) 
c 
co 
CALL LWRAD(X,Xl~R,CM~RStTE~P~L,OAYSMLJ 
WRITE ( 6,10 llJ 
1012 
c 
FORMAT(lX,23HL."· ~AOIATIO~ CO~P~TEOa 
c 
c 
c 
SUM SWRAO BAL AND LWRAC fAL TO FINC TOTAl RADIATION JALANCE A~ ~A~H 
POINT (TRBL) IN LA~GlElS/~ONTH. 
DO 2 5 I= l t 40 
DO 25 J.::l,aO 
TRBL (I ,J):O.O 
IFlGRBLCI,J).EtJ ... l.O) GO TC ~5 
T P BL ( I , J) = GR B l C I, J It X l'-R (I , J I 
lf(TRBL(l,J).LT.O.Ol T~Bl(I,J)~O.O 
25 CONTINUE 
C CALCULATE TURBULENT hE~T 8ALA~CE CSENSIBLE HEAT + L4TENT HEATj 
CALL TBHEAT(X,WlNO,CMHRS,TEMFMltDA~SHl,SBHT,TLHT) 
CO wRITEC6,101Jl 
c 
c 
c 
c 
1013 FORMATllX,47HSENSIBLE AND LATENT HEAT CALCUlATIONi COMPLETE~~ 
CALCULATF NET ENERGY BALA~CE 
CSBHT) AND LATENT TLHT) ~EAT 
DO 2 t I :a 1, 40 
DO 26 J.:l,80 
(ENG8LJ 8V SUMMING TR8L WITH SENS!4lc 
BALANCES • 
ENGBL(I,J)=o.O 
lf(SBHHI,J).EQ.···l.Oj GO TC 26 
ENGBL ( I,J)=TRBL( ltJ I+SI:iHT( I,JI+TLHHI,JJ 
26 CO"Tit'-.!UE 
C ADJUSMENT FOR MONTHLY ~Ell If E~GBl IS PCSITI~E 
DO 2 7 [.:: 1, 40 
DO 21 J= 1, 80 
IF(wSNOw(I,Jl.EQ.O.Oj GO TC 28 
T=hSNO.-( I,J) 
wS NO k ( 1 , J l =w .iNO w ( I , J l· ·EN GH U I t J) /80 .0 
IF (wSNOWU,Jl.LT.O.tH GO TC 29 
GO TC ~0 
29 wSNO~(I,Jl=O.O 
OSNO~ (I ,J) =0 .0 
30 fNGHUI,Jl==ENGBUlrJl-T•BO.O 
IffENG8lfi,J).LE.0.0) GO TC ~7 
28 IFC~fiRN(I,Jj.EQ.O.Of GO TC 31 
co 
T=~Fif.NCI,J) 
w f I R N C l , J ) = w F I R N ( 1 , J • - EN G BLC 1 , J J I 80 • 0 
IFCwFif<NU,JJ .. LT.O.OJ CO TC 32 
GO TC 33 
32 ~FIRNCI,Jl=O.O 
OF If\ N ( I , J' =O .o 
33 ENGI3L(l,Jj=ENGBLC I,JJ-1*80.0 
IFCFNG8L(l,JI.LE.O.C» (0 TC 27 
31 IFCwlCECI,JJ.EQ.O.O) GO TO 21 
w I C E C I , J l a "' ICE C I , J I-~ E "G B lC I , J J I 8 0 • 0 
IftwlCECI,JI.LT.~eOI GC lO 3~ 
GO TO 21 
34 WICE(l,JJaO.O 
OlCECI,JJ=O.O 
27 CONTINUE 
wRITEC6rl014) 
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1014 
c 
FORMAT C 1 X, 50tiMEl T A "D RESULT lNG I'ASS BALANCE CHANi.iES OEJ ER._l~tilJ 
c MAP SHOkiNG AT ~HICH POINTS THERE IS SNOhC•):FIRNC+J:ICEC j;NQ JtP,.I 
W R I T E ( 3 , 30 0 J A t X co 
C0300 
co 
co 
co 
co 
co 
co 
co 36 
co 35 
(0400 
c 
FORMATC1X,l6HSIMULATIC" ~ONTHtlX 1F~.O,lX,f1.0) 
DO 3 5 l = 1, 40 
D 0 3 6 J::: l , 60 
KOI<CJJ=K3 
lfCWSNUwCI,J).GT.O.Oj ~OR(J)aK2 
JF(wfiRNCI,J •• GT.O.OJ KORCJJ•Kl 
IFlwiCECI,JJ.GT.O.C) ~CRCJ)=KO 
CONTINUE 
wRITEC3,4J~I lKORCJJ,J~l,80) 
FOPMAT( lX, BOAlJ 
c 
c 
c 
c 
CAll FLCh ~OUTINE 
co 
AT VEARLV INTERVALS CAT E~O Of ABLATION SEASONJ COMP~TE It 
THICKNESS CTHICCI,J)j IS GREATE~ TH.AN 2•CRITICAL THICKNESS 
fOR flOW CCRIT{l,JII • If SC THEN CAll flO~ ROUTINE. 
IFCA~ODCA,l2.0I.EQ.O.OI GO TC 37 
GO TC 38 
37 00 3S J:::l,40 
DO 39 J=l, !W 
T HI C Cl , J I :::Q. 0 
IFCDICE(I,JI.EQ.O.OI GC TO 3~ 
T HI C ( I , J ) = W J C t C I, J J /0 ICE (J t J I 
IFCTHICC1,J).LE.2.0•CRITCJ,JjJ GC TO ~9 
CALL flOw(I,J,CRIT,THIC,OS~C~,DfiR~,OICEI 
39 CONTINUE 
1015 
c 
IMRITE(6,10151 
FOPMftTClx,l5HFLOk CETE~MINEOI 
ThE LCE 
f'.ftEO~O 
c 
c 
CALCULATE ~NO ~MITE OUT TCTAL ~.E. AND DEPTH COETER~INEO fkLM ~.f. 
A~O DENSITY ASSUMPTIONS) •T EAC~ POINT AfTER EACH MJiTHS SIMUL4fJ~~. 
3 B 00 4 C I= 1, 'tO 
DO 4U J=lrdO 
TwEQ(J,J)=~SNOwCI,J)*WFIRNCI,JI+~ICECI,J) 
IFCOSNO~li,Jl.EQ.O.CJ GO TO 41 
~X=~SNOw(I,JI/DSNO"CI,JJ 
c 
GO TC 42 
41 JCX::O.O 
42 If(OfiRN(l,JI.EU.O.OI GO TO 43 
Y=wFIRNCI,Jl/OfiR~CI,Jl 
GO TC 44 
43 Y=O.() 
44 IFCOICE(I,J ... EQ.O.Ol GC TO 45 
l=~ICECI,J./OICE(I,J) 
GO TC 46 
45 Z=r~.o 
46 TOEPTHCI 1 J):XX+~+Z 
40 CON T l NlJE 
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C AT YEARLY lOR OTHER SPECIFIED) INTERVALS WRITE OUT N2T MASS bAL,~Ce 
C VALuES AT EACH POI~T. 
c 
lf(AMOUCA,l2.0l.NE.O.OJ GO TC 49 
00 4 7 I = 1, 40 
00 4 7 J= 1' 80 
If(T~EQtl,JJ.GE.~O.Ol GO TC 48 
GO TC 47 
~8 ~RITE( 1,500)I,J,A,X,TkEQ(I,J),WSNOW(I,JJ,WfiRNil,JJ,WlCE(leJj, 
lTHICCI,Jt,CRITCI,JI 
500 FORMAT(214,2X~8f10.2) 
47 CONTINUE. 
C C~ECK IF END OF SIMULATION PERICO. 
4~ lf(A.LT.All GO TO 2 
c 
C WRITE THf VALUES OF x,w.E.,OENSITV,ANO DEPTH IN fiLE RES12t 
C THESE wiLL FORM THE I~PUT FOR Tt.E NEXT SIMULATION RU~. 
c 
c 
c 
wRITEC4. X 
~f< IT E ( 4 ) t l D SN 0 • ( I , J I , I= l,ltO J , J •It 80) 
-.RITE(4) ( CDFIRN( I,JJ ,Jal,40J.J•l,80) 
wRITEC41 CCDICEli,JJ,I•l,40J,J•lt80J 
W~ IT E ( 4 I ( ( IllS N 0 w ( I , J J , I • 1 , If 0 h J • 1 t 8 Q I 
~~ITEC4J ((~FIRN( ltJI ti=1,40t,J•l,80t 
wR IT E ( 4 l C (._,ICE ( I , J ) , I = 1 ,40) , J •1 , 80. 
-.I' IT E ( 4 t ( ( T DEPTH ( I , J ) , I "'1 , 4 0 I , J a 1 , 60 I 
-.R IT E ( 4 » ( C T i!!E Q C I , J I, I a 1 , 40 J t J •1 t 80 t 
STOP 
END 
C TO OBTAIN MONTHLV VALLES Cf CLIMATIC PARAMETERS AT ~ACH LRIO 14T. 
C #HEMP 
C SUBROUTI~E FOR MONTHL~ TE~P 
SUBROLTINE MTEMP(TE~P,~J 
DIMENSION TEMP(40,BO),BASETtl2J,TLRT(121 
C OMM C N A LT { 40, 80 J , ASP ('tO, 8(1 ) t SL 0 P ( 40, 80 t. PROf C t 4) t 8f)), PL/I.NC l .0 , 80 
DATA BASET/-1.5, l.t,-0.5,o.6,5.~,6.5,10.5,9.3,7.J,3.9,1.8,-J.t/ 
DATA TLRT/0.53,0.53,0.tl,u.62,0.10,0.68,0.6l,O.b5o0a63t0•56e~•io, 
10.54/ 
C BASE TEMP (30-YEAR MG~THL~ AVE~AGEI 
NN::X 
I 
i 
') 
I 
1;:; 
T=8ASETU-4N) 
C MONTHLY LAPSE RATE(OEG.C/100 ~~j 
V= TLk l( NN• 
C MCNTHLV LAPSE RATE CCEG C/MJ 
't=Y/100.~1 
C LINEA~ ~AkiATION Of TE~P ~ITH ALT(BASE CONSTANT Cj 
C=T+2o.o•Y 
C DETERMINE TEMP AT ANY ~LT USING ALT-TEMP RELATIUN 
DO 1 I: 1, 40 
00 1 J.al,60 
TE~P(I,J)=O.O 
1 TfMP(l,J)=-Y•ALTCI,JJ+C 
C CORRECTION fOR ASPECT ~llh DlffEREhl SfASONS 
00 2 1=1,40 
DO 3 J=l,80 
lflSLOP(l,JI.LT.20.0I GO TO 3 
C CORRECTION FOR SEASON CSCN MAM JJA OJf~ 
lfCX.GE.9.4NO.X.LE.lll CORRa0.7 
IFCX.GE.1.ANO.X.LE.5a CO~R=0.5 
IF(X.GE.b.AND.X.LE.a» CORR=0.4 
IFCX.EQ.l21 CORR=0.6 
lfCX.GE.l.ANO.X.LE.21 CORR=0.6 
C CONSIDERATION OF ASPECT CE S ~ Nl 
lf(ASPC(,Jj.GE.45.00.ANO.ASPCI,J).LT.l35.0) ~0 TO 4 
If (ASPCI ,J).GE.l35.00<.AND.ASPCI,JJ.LT.225.01 GO T.J 5 
tFCASPCI,J).GE.225.00.AND.ASPCI,JJ.LT.315.0) GO T:J 6 
TEMPel ,JJ=TEMP( I,JJ-CCRR 
c 
c 
GO TC 3 
4 T EM P (I ~ J J = TEMP ( I , J at 0 • 1- C 0 R R 
GO TC 3 
5 TfMPC I ,Ja=TEMP( I ,JJ·~0.2+CO~R 
GO TC ~ 
6 TEMP(J,JJ=TEMPCI,JJ-0.3+CORR 
~ CONTINUE 
2 CONTINUE 
RE TUf'N 
END 
C ~SNOIIII 
C SUBROUTINE FJR MONTHl- S~Cw 
SUBROUTINE HSNOw(TEMP,SNOw,X) 
CIMENSIJN SNOWC40,80),TEMPC4C,80),AP&40t80J,CAP&4l,80J 
DIMENSION PERPRC12a 
379 
COMMON ALT (4~, dOl ,ASPC40,.801 ,SLOPC40,80t,PROfC&4J,8UhPLANC''*O•d0 
DATA PtPPR/l3.0,13.3,e.3,5.~,3.2,3.0,3.5,3.9,9.6,l2.2e12.7,1L.~/ 
C ANN PkEC AT EACH POINT USING PPEC-AlT RELATIONSHIP 
C AP=ANNUAL PREC (3~·Yf4R A~l CAPaAP CO~~ECTEO FO~ 4SP2CT 
DO 1 I= 1, 40 
oo 1 J::: 1 ,eo 
SNO~CI,Ja•O.O 
1 AP ( I , J J = 1. 32 *AL TC I , J H· c; 6 1. t 
C VARIATICN Of PREC wiT~ ASFECT C~E ESE SSW W Nw NJ 
DO 2 I= 1, 40 
DO 3 J=l ,dO 
IFtSLCP(J,J).LT.20.0b CO TO 4 
IF CASP(l,JI.GE.22.j.A~O.ASPCI,JJ.LT.67.5i Gu TO j 
IF (ASP(J,J •• GE.o7.5.4~0.ASPCI,Jt.LT.112.5J ~0 TO 6 
IF CASP(I,JI.GE.ll2.5.AND.ASFCI,J1.LT.157.5) GO Tl 1 
IF (A$P(!,Jl.GE.l57.5.~NO.ASFCI,JJ.LT.202.5J GO TJ 8 
IF CASPt I,J •• GE.202.5.ANO.ASP(I•Jt.LT.247.5) GO JJ 9 
IF CASPti,Jl.GE.2 1d.5.~NO.ASPCI,J).LT.292.51 GO TJ 10 
IF (A$PCI,Jl.GE.2'il2.5 • .ANO.ASPCI,J).LT.337.5J GO TJ 11 
IF CASPti,Jl.GE.331.5.ANO.ASPti,Jt.LT.360.0) GO TJ 12 
IF CASP(I,Jl.GE.O.OO.A~O.ASPCI,JJ.LT.22.5J GO TO 12 
5 CALl T PG w ( I , J,- 1 , 1 , I< T P ) 
lf(KTP.EJ.lt GO TC 4 
CAP( I,J)=AP(I,JI+AP(I,J)*O•OS9 
GO TC 3 
6 CALL TPG111C I ,J,O,l,l<lPI 
IFfKTP.EQ.U GO TO 4 
CAPC I,Jl=APCI,JH·APCI,JJ•0.015 
GO TC 3 
7 CALL TPGwtl,J,ltl,KlP) 
lfCKTP.EQ.l) GO TO 4 
CAPC I,JJ=APli,JJ-APU ,JJ•O.Oll 
GO TO 3 
8 CALL TPGwCI,J,l,O,KTPJ 
I F ( I< T P • E·Q. U G 0 T C 4 
CAP C I , J t -=A P ( I , J • ~A P I I , J a •o • 0 ~ 1 
GO TC 3 
9 CALL TPG~(I,J,l 1-~l,t<TPJ 
IFCKTP.E~.lt GO TC 4 
CAP(I,Jt~AP(I,Jt•APCI,Jl•0.051 
GO TC 3 
10 CALL TPG.-( I,J,O, l,t<lPa 
lf CK TP.Eio). U GO TO It 
C~PC I,JJ;;wAPC l,J)·· APCI,Jl•0.015 
GO TC J 
11 CAll TPGwCl,J,-1,-l,KTPj 
IF(KTP.EQ.l. GO TO 4 
CAPCI,Jl-=AP(I 1 JJ-AP(I,Jj•0.029 
GO TO 3 
12 CAll TPG~(J,J,~t,O,KTPJ 
lf(KTP.EQ.lJ GO TO 4 
CAP ( I • J) =A P ( I , J a- A P ( I , J J *0 • 0 59 
GO TC 3 
4 CAPCI,JJ:::AP(I,Jl 
3 CONTINUE 
2 CONTINUE 
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C MONTHLY PRECCAPJ IN MM USIN~ CURVf TO DETERMINE PERCENTAGE Gf 44N~AL 
C PREC FALLING IN ANY GI \lEI\ MCJNTii (PJ. 
NN-=X 
P==PERPPt.-..N) 
DO 13 I= l, 40 
DO 13 J=lt80 
APCI,J)=O.O 
4P(I,J)==CAPCI,J)*P/lOO.O 
13 CONTif\UE 
C PERCENTAGE OF MONTHlY SOLID PREC (PSP) 
DO 14 J: 1, 40 
DO 14 J=l,dO 
P S P = 3 3. 2 46·- 5 • 56 5 * T E ~ P ( I , J J 
C MGNTHLY SNOW USING RELATICN fC~ SOLID PREC 
SNOwCI,J)=AP(J,J)•PSP/100.0 
IF(SNOM(I,JI.LT.O.Ot Sf\OMCt,Ja•O.O 
C MONTHLY SNO~(CMJ 
c 
c 
SNOWCI,Jj=SNOwCI,JJ/10.0 
14 CONTINUE 
RETURN 
ENO 
C MWINO 
C SUBROUTINE FOR MONTHL~ ~~~OSPEEC 
C (fO~ USE IN TURBULENT HEAT CO~PUTATIO~S) 
SUBROUTI1~E MWINO(.lC,.,_I~C, .. ~EO) 
DIMENSION WIN0(40,tOt,8ASEMC12),hRE0(40,80J 
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COMMON ALTC40,80j,ASPt~0,801,SlOPC40,BOt,PROfCC40,60),~LANC(.Oe80J 
DATA BASEW/3.3,3.3,2.S,2.4,2.4,2.2,1.1,2.0,2.4,2.6,lel,3.1/ 
C MONTHLY HIND SPEED AT BASE STATION CTHORUSTAOIR CAtT 20~JJ ~IS 
NN=X 
w=AASEIId~N) 
C DETERMINATIJN OF MONThLY .. INO SFEEO AT EACH POINT USING MEAN 
C AEROLOGICAL WINO SPEEO -- Al TITUOE RELATICh CSLGPE:0.00142f. 
C fiRST NEEC TO DETERMINE CONSTANT(() Of THE LINEAR ReL. C will ~f 
C DiffERENT ftlR EACH MO~TH CEPENOING CN THE MONTHt.Y 84iE WI~O SPE~O. 
C=h· (0 .ou 142•20 .o) 
DO 1 I= 1, 40 
00 1 J=l,8() 
wiNOCI,JI=O.OOl42•CAL1CI,JaatC 
1 CONTINUE 
C NOW IN VALLi:VS, CIRQlJfS, AND OTI-ER SHELTERED CONCA\Ilfl.ES THE HE~ .. 
C M~lNO SPEED dll BE REClCEC. ' 
C PERCENTAGE KEDUCTION GIVEh B~ MATRI) ~REOCI,J). 
c 
c 
DO 2 1=1,40 
00 2 J:l,80 
MIINO(I,Jl:WINO( I,JJ-Wif\O(I,J)•'-REO(I,J) 
2 COfliTli\UE 
RETURN 
ENO 
C WE XP 
C SUBJCOUTTNE flJI{ MEAN lld~O SPEED fiOCIFICATION DUE TO 'EXPOSLRt' 4.i 
C DETERMINED UY SUHROUTII\E lPGw. 
C MEAN wiND SPEED REDUCTION WEIGHTED ACCCROING TO fRE~JENC¥ OIST. OF 
C wiNOS FPO~ DIFFERENT DIRECTICN5 CN,NE,E,SE,SeSw,w,Nwa 
SUBROUTI~E wEXP(wREDl 
COMMON ALT(40t80t,ASPC~0,80ltSlOPC40.SO),PROfC(4J,auJ,PLtNC(~Ot3Qj 
DIMENSION WRE0(40,SOI 
DO 1 I= 1, 40 
oo 1 J=t,ao 
WR E 0 t I , J ) = 0 • 0 
CALL TPGw( J,J,-l,O,KTPJ 
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If C K T P .. E <J. 1 ) ~RED a I , J ) :0 .0 t 
') CAll TPGwtt,J, .. l,l,I<TFJ 
IFCKTP.Ei.l.U wREDC I,J)akREOt J,J)+0.23 
CALL TPGWCI,J 1 0 1 1 1 KTPJ 
IF C K T P • E Q. U W R E 0 C I , J ) a w R f C C I , J ) +0 • 16 
CALL TPGwCI,J,l,l,KTPI 
lfCKTP.EQ.l) WREOti,JJaWREDCJ,J)+0.12 
CALL TPG,.( (, J,t,O ,I< lP) 
IF(KTP.F.~.lj WREDti,JI=WRECtJ,J)+O.lO 
CAlL T P G w ( I t J , 1 , 1 , I< T P I 
IFCKTP.E..J .. U wREOC I,JI=wREDC I,J)i0.14 
CALL TPGMI( I ,J,O,· l,KTPI . 
IFCKTP.E~.U WREOC l,JI•WREDt I,J)f0.08 
CALL TPG~~o~CI ,J,-1,-l,KTFJ 
IFCKTP.EQ.U WREDC I,JI•WREOC I,Jt+O.ll 
J ; • WREO(f,JI•WREOCI,J)*O·EO 
. i 
c 
c 
1 CONTINUE 
RETURN 
END 
C TPG111 
C SUB~OUTINE FOR THE DETERMINATIO~ CF 1 EXPCSURE 1 OUE TJ SURROUNOl~G 
C TOPOGRAPH~. _ 
SUBROUTINE TPGWCII,JJ~IOtJD,~TPI 
COMMON ALT C40- 80), ASP( lt0,60J ,SLOPI'tO, SOJ ,PAOFC(4\le 80) eflANC&.-o,ao, 
KTP=O 
K:O 
If= I I 
Jf :J J 
1 l(;s;K+l 
lf=lf+ID 
lfCIF.LT.l.OR.IF.GT.401 RETURN 
Jf•Jf+JO 
IFCJf.LT.l.O~.JF.GT.eo• ~fTU~N 
C FOR A GIVEN DIRECTION Of ~IND flO~ CONSIDER EACH ADJ~CENT PG1Nf (fO~ 
C 1 KM.j IN THAT OIRECTICN TO SEE IF ~NY OF THE NEIGHBJURING POI~f$ 
C HAVE GREATER ALTITUDE THA~ THE FOINT IN ~UESTICN. 
c 
c 
IFCALT(IF,Jfj.GT.All(li,JJ)•IOO.C) GO TO 2 
lf(K.GT.lO) RETUR~ 
GO TC 1 
2 K TP= 1 
~ETU~N 
END 
C MOAVAL 
C SUB~OUTINE FOR AVALA~Cri~G CN TC PL~TE~U PRIOR TO D~LFf 
c 
c 
c 
c 
c 
c 
FIPST NEED TO fiNO OLl If THEI<E ARE A~'V POINTS HlGHE~ THAt-. THE 
PLATEAU WHICrl S~TISFV ThE CONCITIONS fCR AVALANCHIN~. NEll S~f If TH 
DEPOSITION ANEA FOR THESE AVAL~~CHI~G POINTS LIES ON THE FLATEAJ• 
If IT DOES CHANGE SNO.• CC'VER - SNC .. CI,J) PRIOR TO DRIFT ACCOIWl ~"'-V• 
SUB~ClJTINE NOAVAL(X,S~Cw,TDEFTHj 
383 
COMMON ALTC40,60a,ASP(40,60t,SLCPC40,60l,PROFCI4J,80lefl~NC(•~•i0J 
0 DIMENSION SNOW(40,80),TOEPTHC40,tO),OAVALC~0,80J 
C POINTS FROM WHICH AVAL will OCCUR GIVEN ~ALUE 0.0 
C POINTS ON PLATEAU wHERE AVAl S~Ck ~A~ BE DEPOSITED GIVEN VALUE ·Z.O 
C POINTS NOT RELEVANT 1~ ThiS CASE GI~EN VAlUE -1.0 
DO l 1•1,40 
DO 1 Jzl,60 
OAVAl( (,Jj=-1.0 
IFCALT({,J).GT.580.0.A~D.SLOP(I,JJ.GE.45.0.ANO.CTJEPTH(l,Jj~iNOWC1 
l,J).GT.LO.Otj OAVALCI,JJ=O.O 
IFCALTCI,Jl.GT.5aO.C.AhO.Sl0Pli,Jj.GE.35.0.ANO.CTJEPTH(leJI~~NO~CI 
l,Jl.GT.lO.~))OAVAl((,J)zO.O 
IFCALTCI,JJ.GT.580.0.A~O.SLOP((,JJ.GE.25.0.ANO.CTJEPTHCl,J)~~NaWJl 
1 ,JI.GT.50.0UOA\IAL( t,Jj~:~O.O ' 
IF (.A L T (I, J). GE. 5d0 .o. A~D .SLOP C I, J) .LE • 20.0 J OA IIAL ( I, JJ a .. 2.0 
7 1 CONTINLE 
C NOW CONSIDERING ONLY POINlS WHICH wiLL AVALANCHEIO.OI fiNO OUT !F ~NV 
· C POINT ON THE PLATEAU wiLL RECEIVE SNOw AND CHANGE SNJW(l,JJ 
OUTSf\j=O.O 
c 
c 
PER=0.80 
DO 2 l=l,'tO 
DO 2 J= 1 ,so 
lf(O.VALCleJI.LT.0.06 GO TO 2 
CALL PLAVCX,I,J,SNC~e~AVAL,PERtOLTSN,TOEPTHj 
2 CONTINuE 
RETURN 
END 
C PL.i\V 
C SUBROUTINE PL4V: USEU TG FIND OLT T~E Dl~ECTION IN ~ilCH AVALA~~HlN~ 
C IS GOING TO OCCUR. FOR EACH AVALAhCt-ING POINT THE SU~CESSl~f: PJ1Nl IJf 
C AVALANCHING IS FOUND uNTIL A PCINT SATISFYING CONOITICNS Gf 
C DEPOSITION DR THE LIMITS CF AREA ARE REACHED. FROM T~E bR1Gl~AL PJlNf 
C SNOllt AVALANCHED IS GIVfflj BY CPE~t. THE MATRIX SNOMI IS ChANGED 
t TO TAKE ACCOUNT OF AVALANCHED S~GW ~ECEI~EO AT THE PLATEA~. 
C OUTSN IS THE VARIABLE ACCUMULATING THE AMOUNT Of SNO~ A~ALANCHcJ llUT 
C Tt·E AREA. 
c 
SUBROUTINE PLAVCX,Il,JJ,SNC"'•DA~AL,PE~,CUTSN,TOEPfHj 
COMMON A L T C 4 0, 80 t , ASP ( 40,60 t t SLOP( 'tOt SO) ,PROF C (ItO, BO j, Pl~NC' -tOt {I()) 
DIMENSION SNuwC'tO,ao.,CAvALC~O,BOitAVSNOW('tO,tJOJ 
OI~ENSlON TOEPTHC40,80t 
DO 1 I= 1, 40 
DO 1 J = 1 , 8tl 
AVSNClilll,JJ=O.O 
1 CONTINUE 
IB:!I 
JB ::J J 
2 CONTINUE 
C CONOITICN IF LIMIT CF ~RfA REAChEC 
IFCI6.LT.l.OR.IB.GT.40.0R.JB.LT.I.CA.JB.GT.8Jt GO TO 3 
C CONDITlCN IF DEPOSITION PCfNT REAC~EO 
IFCDAVAL(II:ieJB~.EQ ... ·2.0) GO 10 4 
C IF LEVEL BELOw PLATEAU REACHEC IGNORE POINT 
IFt~Lltlu,JBt.LT.SEO.C) GO lC 5 
? C EACH ASPECT IS CDNSlOERfO IN TU~N IN THE FOLLO~lNG aRD~R 
C NE,E,SE,S,S~,~,N•,~• 
IF(~SPil~tJBt.GE.22.5.ANO.ASP(lB 1 JBt.LT.67.5t GO TO 6 
IFCASPCI~,J8).GE.o7.5.ANO.ASPtiB,JB).Ll.ll2.5) GO TO 1 
IF(ASP(Ia,J8).GE.ll2.5.ANO.ASPCiftJB).LT.l57.5J Gl TO~ 
IFC~SPtiK,JBI.GE.l57.5.ANO.ASPtie,JBt.LT.20Z.5l GO TO 9 
IF(ASPUthJB).GE.202.5.ANO.ASPOe,JBt.LT.21t1.5t GJ TO 10 
lfCASPttti,Jd).GE.2~7.5.AND.ASP(1f,JB).LT.292.5j GJ TO 11 
lf(ASPCIB,JB).GE.292.5.ANO.ASPCie,JB •• LT.337.jl Gl TO 12 
IFCASPt[rl,J8).GE.J31.5.AN~.ASPCle,JBt.LT.360.0J GJ TO 13 
IfCASP(IB,J8t.GE.O.O.ANO.AS9([8,JSt.LT.22.5) GO TJ 13 
6 IBzi&.-~1 
JB=JB•l 
GO- TO 2 
J 1 IB=IB 
JB::JB•l 
GO TC 2 
8 IB=li:Hl 
JB•JB•l 
GO TO 2 
9 IB=IB•l 
JB=JB 
GO TO 2 
10 lB=IIHl 
JB=JB-1 
GO TO 2 
11 IB=IB 
JB =J B~ l 
GO TC 2 
12 18=18-l 
J8 aJ&-~ l 
GO TC 2 
13 IB=lB-1 
JB=JB 
GO TC 2 
C fiND OUT THE AMOUNT OF S~Cw AVAlANCrEC OUT CF AREA 
3 OUTSN=OUTSN•PER*CSNCwlii,JJJ-ttO.Q-TDEPTHCil,JJI)t 
SNOwtll,JJl~lO.O-TOEPThtii,JJt 
HE TURN 
384 
C FIND OUT AMOUNT OF SNO~ A~ALANC~ED ~T EACH POINT Of lE?OSlTION 
4 AVSNOW(ltl,Jdl=AVSNCwtie,JB)+PER•CSNOW(({,JJl-llO •• ·TOEPTh(ll,JJitj 
SNOWIII,JJJ=lO.~·TCEPlHlii,JJa 
SNOWtiB,JBt=AVSNOW( IB,JB)+SNChtiB,JBt 
CO wRITE&4,l00)X,Il,JJ,I8,JB 
c 
c 
100 FOPMAT(f4.1,21~tL0•,2t4a 
5 RETURN 
END 
C MORlfT 
C SU8ROUTINE FOR SNO~ CRIFT 
SUB~OUTlNE MDRIFT&lE~P,S~O~,SNC~l,TDEPTHl 
COMMON ALTC4~tdO),ASPI40,80t,SLOP(40,80),PROFCt40,dJj,pLANCt•U•80) 
DIMENSION TEMPl40,80),SNOWC40,80J,ORIFTC40tdOJ,S~JW1(4l,60) 
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OIMf:NSION TOEPTH(40,80) 
c 
CO DRIFT SITUATION MAP DIME~SIONS 
CO DATA KO/lHO/,Kl/lH•/,~2/lH./ 
CO DIMENSION KOR(t30) 
c 
C POINTS f~OM ~HICH GRIFT kiLL CCCUR GIVEN VALUEC-1.0~, ~Ll CTHEa 
C POINTS GIVEN VALUE(-2.0) I.E. NCT IN CUESTICN AS fAR AS O~lfT li 
C CCNCERNED. 
DO 1 I:;;: 1, 40 
DO 1 J:;;:l,t30 
OR IF T( 1, J ~ :;;: .. 2. 0 
If (TEMP( I, J). LE .o .o .~NC. AL T I I, J I .GE. 5 eo .0 .AND • SLO? U eJ I .LE. 4l~().4~ 
1D.CTDEPTti( I,J)+SNC~( t,Jtt.GT.30.0I ORIFTCI 1 J)-l.J 
1 CONTINUE 
C NOw TO DETERMINE POINTS TO ~HIC~ DRIFT IS GOING TO T\KE PLAtE, 
C CALL SUBkOUTINECOEP) FIRST IGNOPING THE POINTS ~ITH ~AlUf(-1.0) 
00 2 1:;;:1,40 
c 
co 
co 
co 
co 
co 
co 
co 
co 
DO 2 J.:1,t30 
IflDRifTCI,Jj.EQ.-1.0) GO TC 2 
CALL DEPtORlfT,I,JJ 
2 CONTINUE 
DRIFT SITUATION MAP 10 SHe• POINTS FRCM ~HICH URIFT IS TAKING 
PLACE (•), WHERE IT IS DRIFTING TO CO), AND POINTS ~OT RlLE~A~f 
FOR DRifT CONPUTATIO~S (.). 
DO 3 1:.1, 40 
DO 4 J=l,t30 
If (DRIfT (I , J 1. E Q •• 1 .n) 
If l Ofd F T ( I , J) • E Q •. - 2. 0 I 
KORCJ)•I<l 
KORCJia1<2 
I< OR ( J) :aKQ 
co 4 
co 3 
IF CDR I FT t I , J J. EIJ • 0. C I 
CONTIJ\UE 
~RITEC3el00) CKCR(J),J 3 lt80t 
100 F 0 ~MAT C 1 X, 80 A 1 ) 
c 
C NCw CONSIDERING EACH POI~T hHICr IS ON THE PLATtAU EJGE ORifT(leJI•O 
C COMPUTf THE AMOUNT OF SNO~ hHICh Will BE ORIFTEu TO IT FRO~ THE 
C P 0 I NT S I N 0 I k E C T l IN E t. I T... IT I N e C I F FER EN T 0 I R E C T 1 l N S (I t-4 T UR t-41 " 
C O~OER IN WHICH WINO DIRECTION IS DEALT N,NEwEeSE,S,iW,W,NW 
CO 5 I= 1,40 
DO 5 J=l,90 
IFCORIFTCI,Jl.EQ.-2.0J GO TC 5 
lf(DfCIFTtl,JI.EQ.,-1.01 GC TC 5 
C SLOST IS THE PERC. Of SNC~ ASSUMED LOST BY BEIN~ BL~~N Off PLAT~A~ 
SLOST=0.2 
c 
CALL DRwiNDCl,J,·l,O,O~IFT,0.03,5LOST,SNOW,TOEPTHt 
CALL CRWIND(I,J,-l,+l,DRifT,0.28,SlOST,SNOw,TOEPT~) 
CALL Ok~INO(I,J,O,+l,CRIFT,0.17,SLOST,SNOW,TDEPTH~ 
CAll 0KWlNOtl,J 1 •l,+l,CRIFT,O.l5wSLCST,SNOW,TDEPfrlJ 
CALL ORwiNO( I,J,+l,C,DI<IFT,O.O~,SLOST,SNOW,TOEPTtU 
CAll OR wINO C I , J, +l , .• 1, CP IF T, 0. 15, Sl CST, SNOW, T OEP T rO 
CALL ORWINDti,J,O,-l,CRIFT,0.07,SlCST,SNOW,TDEPTH) 
CALL DRw IN DC I, J ,- 1 ,-1, 0~ If T, 0. 06 t SlC S T, SNOw, TOEP TtH 
5 COt\TINUE 
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CO TO CHECK DRIFT COMPUT~TICNS A~C CC~SIOE~ATION Uf BOJNOA~~ fff~~J~. 
CO TOTAL SNOW DRIFTED Off PlATEAU CTPLJ 
~ CO AMOUNT Of DRIFT DEPOISTfC AT PLATEAU EOGE CTCRj 
CO TPL=O.O 
CO TDP=CJ.O 
CO DO 6 1=1 1 40 
CO DO 6 J=l,ijO 
CO lfCORifT(l,Jj.Eu.-2.01 GO TO 6 
CO IFCORifT((,J).EQ.·,l.OJ GO TO 7 
CO TDR=TOR+DRIFT(I,JJ 
CO GO TC 6 
CC 7 TPL=TPL+(SNO~C l,JJ·C30.0--TOEPTH( I,JHJ•Cl.Q-SLOSH 
CO t: CONTINUE 
CO -RITE VALUES OF TPL,lCR 
CO WRITEl2,2001 TPL,TOR 
200 fORMATClH t2flO.~J 
.l c 
C TO DETERMINE THE SNOW CO~ER AFTER DRIFli~G AT EACH PliNT (S~O~l'''~~~ 
DO 8 I ::al ,ItO 
c 
c 
DO 8 J=l ,so 
t f l DRIFT ( I , J I • E Q .- 2 .o I SNOlill U , J I•SNO._C I,J J 
IFCDRIFT(I,JJ.EQ.-1.01 SNOW1CI,JJ•30.o-TOEPTHCI,JJ 
IFCORIFTCI,JJ.GE.O.O) SNOWlCI,JI•SNOWCI,JJ+ORifT,I,JI 
€ CONT INLE· 
RETURN 
END 
C OEP 
C SUBROUTINE (OEPJ TO DETER~INE PCINTS hHICH WILL RECEIVE O~lfT 
C FOR THIS TuBE THE CASE Tt-ESE PCINTS MUST HAVE A NEIGH80UfdNG PJJ.~H 
C WITH VALUE C-1.01. Tt-ESE DRIFT OEP. POI~lS ARE GIVEN THE ~AlUE ,O.~J. 
c 
SUBPOliTINE DEP (OR If T, I ,J J 
DIME~SION DRifl(40,SOI 
II=I+l 
IF (I I.GT .40J GO TC l 
lfCDRlFHI I,Jl.EQ.·~l.OJ GO TC 2 
JJ=J+l 
If CJJ .GT .8tH GO TC ~ ... 
If C DRIfT (1 l , J J ) • E Q .~-1 • 0 J GC TO 2 
3 JJ =J·-1 
IFCJJ.LT.l) GO TO 1 
IfCDRIFTC I 1 1 JJJ.EQ.~*1.0) GC TO 2 
1 CONT!t\UE 
I I= I· 1 
IFCII.LT.l) GO TO 4 
lf(ORifTtii,J).EQ.-1.0) GO TC 2 
JJ=J+l 
IfCJJ.GT.dOJ GO TO 5 
If C 0 R If T( I I, J J I • E Q .- 1. 0 I GO TO 2 
5 JJ;J-1 
IfCJJ.LT.U GO TO 4 
lfCDP IFTC I I, JJI.ECJ.~-l.Ol GC TO 2 
CONTINUE 
c 
c 
JJ=J·H 
IFCJJ.GT.HO) GO TC t 
IFCDRIFTli,JJt.E~.-1.01 GO TC 2 
6 JJ :J~ 1 
lf(JJ.LT.l) RETURN 
IFCORIFTCI,JJt.EU.-l.Oj GO TC 2 
RETU~N 
2 OtH fTC I, J) =u .o 
RETUAN 
END 
C DR._IND 
387 
C SUBROUTINE (DRwiNDI CALCULATES AMCU~T OF SNOW ORIFTE~ TO EACH P~l~f 
C ON THE PLATEAU tOGE F~CM THE DIFFERENT DIRECTIONS. SLOST IS THa I OF 
C SNO~ .ASSUMED LOST HY 8El~G BLOW~ Off PLATEAU EDGE &2~ 4 lN THJ~ '4$af 
. C ID,JO,ARE THE INCREMENTS FOR I,J TO CHANGE ~lNO DIRECTION • . 
C PER IS THE 'Of SNOw CRIFTEC wiTH A PARTICULAR ~INO JlRECTlON. 
C 30.0 CM Of SNOw IS SlJB TR ACTED F ~OJII EACH POINT AS THE INITIAL AMJij,~T 
C NECESSARY BEFORE DRIFT CCCURS. . 
c 
SUBROUTINE ORWINOCII,JJ,IO,JO,ORifT,PER,SlOST,SNO~.TOEPTHf 
COMMON ALT(40,80t,ASPC40,80I,SlOPC40,80I,PROfC(~J,80I,PLANC&~O,BOJ 
DIMENSION ORIFT(40,SOI.SNOhC40te0j 
DIMENSION TOEPTHC40,SQI 
IF= I I 
JF=JJ 
1 If=lf+ID 
C IF LIMIT GF AREA REAChED AETUR~ 
If( tF.LT.l.OH.If.GT.401 RETuRN 
Jf:Jf+JD 
lfCJF.LT.l.OR.JF.GT.80l RETURN 
C FOR A GIVEN DIRECTION THE ADJACENT POINT TO THE POINT REC~I~IN~ 
C DRIFT ti.E. 0.01 IS SlJCCESSIVEl~ CONSIDERED AND THE ~~OUNT Of lltt.lliT 
C CONTINUALLY ADDED TO CI,J=O.Oj UNTil THE~fi IS NO SUC~ t..ElGH60UIUNi 
C POINT OR TrlE LIMIT Of THE AREA IS ~EACHEC. 
c 
c 
IFCORIFTCIF,JF).NE.~l.CI RETlRN 
DRIFTtii,JJ)2QRIFTCII,JJ)+(SNOWCif,Jfi-C30.~·TOEPTHCIF,Jf)Jj 
l•t 1. o- SLOS T a •PER 
GO TC 1 
END 
C MAvAL 
C SUBROUTINE fuR SNOk A~ALA~C~I~G 
SU&ROLTINE MAVAL(S~C~l,SN0~2,TOEFTHt 
c 
COMMON ALT(40,60),ASP(40,80t,SLOPt40,SOl,PROFCC40,dJJ,PLANC&~0,30J 
OIME~SIJN SNOW1(40,ana,SN0~2C40,eOI,A~AlC40,dOJ 
DIMENSION TOEPTH(40,801 
C OIMENSIC~ fOR MAP OF A~ALANCHES 
CO DATA KO/lrlO/,Kl/lH.I,~2/lH•I 
CO OlMf.NSION ~ORC801 
C DEFINE ~ATR!X IN THE fCLlCWING ~A~NER 
C -2.0 FO~ POINTS WHICH SATISFY T~E CCNOITIONS FOR A~AL SNO~ OEP~~ll1~, 
388 
C ·1.0 FOR POINTS wHXCr ARE NCT AEVEl,NT FCR A~ALANCHING 
C 0.0 fOR POINTS FROM W ... l Ct-1 SNOw wIll BE .AVAlANCHED 
C SET PER TO THE ' Of S~C~ ~HICH WILL BE A~ALANCHEO f~lH PUlNTS (~.~· 
C PER I NY TI ALLY SET TO t:O;& 
c 
c 
c 
co 
co 
co 
co 
co 
PER=O.d 
DO 1 1=1,40 
DO 1 J = 1 , ao 
IFCSLOPCI,JJ.LE.l5.0.A~D.ALTCI,JI.LE.580.01 GO TO 2 
If (PRO FCC I, J) .L E.~·· 2 .o .AND. PROFC C I, J I .GE .... 30.0.AND. 
lPLANCCI,J).LE.-15.0 • .A~C.PlA~CCI,JJ.GE.-lOO.O.ANO. 
1ALT(l,Jj.LT.580.0) GO TO 2 
lfCSLOPCI,Jf.GE.45.0.A~O.(TDEPTHCitJI+SNOWlCI,J)).Gf.lO.O' 
lGO TC 3 
JF(SLOPci,JJ.GE.35.0.A~O.(TDEPTHIItJI•SNOWlCI,JI).GT.3t.Gl 
lGO TC 3 
IFCSLOPCI,JI.GE.25.0.ANO.(TOEPT~CI,JJ+SNOW1CI,JII.GT.50.0I 
lGO TO 3 
AV.AL (I ,J)-=-1.0 
GO TC 1 
2 AVAL (I , J J =-~ 2.0 
GO TC 1 
3 AVAL(I ,JI=O.O 
1 CONTINUE 
MAP SHO~ING FROM WHIC ... PCJNTS SNOW Will BE AVALANCHEJC•)iOEPOSlfi~(J. 
NOT AfFECTED(.). 
00 4 1=1,40 
DO 5 J=l,80 
lfCAVALCl,J).E~.-1.01 
IF (A VAL C I , J I • E Q ••.. 2. 0) 
t<OR(Jt~Kl 
!(O~cJt~Ko 
KORCJ)•K2 
co 5 
co 4 
lf(AVALCI,JJ.EQ.O.O) 
CONTINUE 
WRITE(3,1001 CKOR(J),Jal,80) 
llJO FO~MAT (l X, 80A U 
c 
C NCW CONSIDERING ONLY FCI~TS ~HICH WILL A~AlANCHc lAv~l(I,JA fQ J.~~ 
C FINO OUT (USING SUSROLTINE AVOIRt HC~ ~UCH AND TO WHICH POINTS ~HQ~ 
C WILL BE AVALANCHED CSNOW2) AND ALSO HOW MUCH SNO~ lS A~ALtNCHf~ O~T 
C OF THf AREA COUTSN). 
c 
OUTSN=O.O 
DO 6 1=1,40 
DO 6 J-= 1, ao 
o SNO~o.2(t,Ja"o.o 
DO 1 I= le4fl 
DO 1 J:: l , dtJ 
IFCAVALCI,JI.LT.O.CI GC TO 7 
CAll AVDIR(I,J,SNOWI,S~Oh2,A~.AL,PER,OUTSN,TDEPTH) 
1 CONTINuE 
C OETERMINATluN OF THf SNO~ COVER AT EACH GRID-POINT AFTER ORlfll.G 4~0 
C AVALANCHING ISNOW2t 
DO 8 I= l ,40 
DO tl J=l,SO 
JF(AVAUI,JI.EQ.O.O) GC TO 9 
JF(AVAUI,Jl.EQ.· 1.0) GO TC 10 
.· .. 
c 
IFCAVAL(l,J).EQ.-2.0) (0 TC 11 
GO TO 8 
9 SNOw2( I ,J) =10.0<-TOEPTHU ,J a 
GO TC 8 
lU SNO~t2(l,JI=SNOwl(I,JI 
GO TO 8 
ll SN U W 2 ( I , J ) ::: S N 0 w 2 ( I , J ) t S N 0 IN U I , J ) 
€ CONTINUE 
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C TO CHECK THAT A~OUNTS OF SNOW AVALA~CHEO ARE BEING CJRRECTl~ CJ.PJTeJ 
C SUM UP ALL TrlE SNOw A~ALA~C~EO IN VARIABLE CAMAV) ANJ 4Ll THE ~~OW 
C DEPOSITEC AfTER AVALA~C~I~G CA~DP) 
C THEN AM~V SHOULD EQUAL A~CP+OUTSN 
CO AMAV:a:O.O 
CO AMOPaO.O 
'> ·co oo 12 1=1,40 
co oo 12 J:t,ao 
CO IF(AVAL(l,J).EQ~l.OI GO TC 12 
CO lFtAI/Al( l,J).EQ ... ·2.0) AMOPaA~OP+(SNOw2CI,Jl-SNOINUleJ)) 
CO IFCAVAl(l,J).EQ.O.OIAMAV=AMA~+PE~•CSNOWlCieJ)-&10.0-TOEPTHCle~·jj 
CO 12 CONTINUE 
CC WRITE(3,2001 AMAVeG~TS~tAMOP 
c 
c 
200 FORMATClH t3fl0.2) 
RETURN . 
END 
C AVC 1 R 
C SUBROUTINE ~VOIR: USED TO FINO THE DIRECTION IN WHlC~ 41/AlA~CHli~ 
C IS GOING TO OCCUR. fO~ EACH AVAlAt.Ct-ING POINT THE SUCCESSI~f PJLhT QF 
C AVALANCHING FOUND UNTIL A POI~T SATISfYING CONDITION$ Of OEPOSlrJ~N 
C OR THE LIMITS OF THE AREA ARE REACHED. FROM ORI~lNAL POINT THE j ~F 
C S~O- AVALANCHED IS GIVEN ev CPE~I. ~ NEW MATRIX CSN0~2t ACC~MU~~f4S 
t SNOW RECEIVED FROM A~AlA~CHING. 
C OUTSN IS THE vARIABLE ACCUMUlATING THE AMOUNT Of SNO- AVALANCHcJ ~VJ 
C Of THE AREA. 
c 
SUBROUTINE AVDIRlli,JJ,SNOkl,SN0~2,AVAL,PER,OUTS~,TOEPTHl 
COMMON ALT(40,60),6SP(40,80I,SLOPC40,BOI,PROfC(4~,8QI,PlANC'~0•80l 
DIMENSION SNOWl(40,BOI,SN0~2t40eBOl,AVAL(40,d0) 
DIMENSION TDEPTH(40,S~a 
18=11 
JB=JJ 
1 CONTINUE 
C CONDITiuN IF LIMIT Of AREA REACHED 
IF( IB.LT.l.OR.IB.GT.40.0R.JB.LT.l.CR.JB.GT.8Q) GtJ TLl .;;-. 
C CONDITION If OEPOSITIC~ fCI~T PEAC~EO 
If ( A VAL ( I B , J B a • E IJ .- 2. 0 I GO T C ~ 
C EACH ASPECT IS CONSIOEREO IN TURN IN THE FOLLOWING O~DER 
c NE,E,se,s,s~.w,N-.~. 
lf(ASPliB,JB&.GE.2~.5.AND.ASPtiBtJS).lT.67.5J GO TO 4 
lf(ASPllti,J8).GE.67.5.AND.ASPliB,J81.LT.ll2.51 GJ TO 5 
IF(ASPtiB,JBl.GE.ll2.5.ANO.~SPtle,Jei.LT.l57.51 GJ TO 6 
lftASPliB,JBa.GE.l51.5.ANO.A5PCie,JB).LT.202.51 Gl TO 1 
IFCASP(IB,JB).GE.202.5.ANO.~SPlleeJBI.LT.247.5) GJ TO 8 
IFCASPCIB,JBJ.GE.241.5.AND.~SPC1f,Jfi.LT.292.5' ~J TO 9 
IFCA$P(It1,JB».GE.292.5.ANO.ASPCie,JBI.lT.337.5) GJ TO 10 
lfCASPCIB,JBJ.GE.331.5.ANO.ASPCie,JB).LT.360.0) GJ fO 11 
IFCASPIIB,J8J.GE.O.O.A~O.ASPCIB,JBJ.LT.22.51 GO TJ 11 
4 18=18- 1 
J8=J8+l 
GO TC l 
5 18=18 
J8=JB+l 
GO TC l 
6 18-:JB+l 
J8=J8+1 
GO TC 1 
7 lB•II:Hl 
J8=JB 
GO TC 1 
a IB•te+l 
JB=JB-1 
GO TC 1 
9 18•[ 8 
JB=JB-1 
GO TC 1 
10 IB=IB-1 
JB=JB-- 1 
GO TC 1 
11 JB:IB-1 
JB=JB 
GO TC 1 
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C FINO OUT THE ~MOUNT OF S~C~ A~ALA~C~EC CUT Cf AREA 
2 OUTSN=OUTSN+PERtlSNCWllii,JJI-ClO.O-TOEPTH(li,JJ))J 
f'ETURN 
C FINO OUT AMnUNT OF S~C~ A~ALA~C~EC ~TEACH POI~T Of JEPOSITION 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
3 SNOW2( lB,JBJ=SNOW2(18,JB.+PE~*CSNO~l(lltJJ)-llO.G-TOEPTH(IleJ~IIi 
RETUP~ . 
END 
ABLATION uf GLACIER MATEIHAL CT6-tROUGti ENERGY BAlANCE COMPtJTATl.J .• $1. 
THE ENfRG\' t3ALANCE IS Ot\l V CCfiiPUTEO FOR "MELT PER IJOS" hHEN f; .. £ 
AIR TEMP( I 1 J) IS > 0 CEG. 
PRIOR TO t:NtRGV tjAl. CCII'PlJTATIO"S NEED TC WORK OUT ·• 
(1) NO. OF HRS. FllR ~1-IC~ TEMP IS >0.0 DURING THE OAt (OHHRSJ 
l2) THE f.4ELT TO!P FOR THIS DAllY PERIOD WHEN TEMP IS >0.(; CTEHP.tLJ 
C 3) NO. OF DA 'V S IN THE MO~TH fiE AN TEMP E kPECTEO TO Be >O.O C 0At.i.lt4. I 
T~ESE V4PIABLES ARE CALCULATED BY THE SUBROUTINE MELTPR 
C MELTPR 
C SUBROUTINE FOR WORKING OUT THE POTENTIAL MElT PERIOD) 
c 
SU~~OUTINE MELTPR(X,TE~P,OMh~S,TEMP~L,OAYSMlJ 
DIMENSION TEMPC40,d01 ,CAVSMlC'tO,flOt ,OfiHRS('tO,BOJ ,TE~PML(itOeJllj 
DI~E~SION OAVSC12J,[TA~Ptl2J 
DATA OAYS/ll.0,28.0,3l.0,30.0,3l.0,30.0,3l.0,3l.0,3a.u,3l.OtJU.Ot3 
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11.0/ 
CATA OTAMP/0.2,0a9,1.~,2.le2.9,3.3,3.Ct2e7t2•0el•ie0•4tV•21 
c 
C MCNTHl~ A~PLITUDE Of CIUP~Al TE~PEA~TUAE CAMPI DEG C. 
c 
NN:X 
Pl=3.l4159 
AMP:::OTAMP(NNt 
AMP=~MP/2.0 
C FIND THE NO. Of DAYS •ITh fROST ANO SO THE NO. Of PuTENTlAlMELT!~~ 
C OA~S. DA~SML(I,JI. 
c 
DO 1 I= 1,40 
DO 1 J:l,80 
OAYSML(I,Jl=O.O 
DMHRSCI,J)=O.O 
TEMPML(I,Jj:a-1.0 
IFCTEMP(l,Jl.LE.· APIPI GO TC 1 
f0AYS=-2.42•TEMPCI,J)+~l.5 
IfCFCA~S.LT.O.O) fC~YS:aO.O 
lf(fCA~S.GT.DAYSC~N)a FDAYS:CA~SC~NI 
OAYSMlti,JJ=DAVS(NNf-fOAYS 
IFfTEMP(l,J).GE.AMPJ GO TO ~ 
GO TC 3 . 
2 DMHRS(I,JJ=24.0 
TEMP~L([,JJaTEMP(I,J) 
GO TC 1 
C DETERMINE THE DAILY POTENTIAL MEL TII\G PERIOD (HRSI · TIHE f-OR _.rUCH 
C MEAN TE~P IS >o.o DEG C. DMHPSCI,J) 
C FI~ST FIND ACTUAL TIMES ~HEN TE~P GCES ABOVE 0.0 OEG. (Tl,T2J 
C THE MEAN TEMP DURING PERIODS ~HEN POTENTlAL ~Ell ~A~ OC~Ui 
C OETERMII\ED BY INTEGRAl lNG THAT PART OF THE DIURNAL TeMP CUI\~E .trti~H 
C LIES ABO\IE 0.0 OEG. 
c 
c 
c 
3 Tl•ARCOS(TEMP(I,JJ/AMPJ 
T2=2.0•PI- Tl 
TEMP ML ( I , J a = TEMP C I , J ) + ( A fo!P • S I N C T 1) I ( P I- T U I 
lfCTEMPMl( ltJI.EQ.O.()J GO TC 4 
GO TO 5 
4 DA~S~l(l,J)=O.O 
TEMPML (I ,J) =-·1.0 
GO TC 1 
5 Tl=CCT1*12.0a/PII+~.O 
T2=((T2*12.0)/Pl)+4.0 
OMHRS( J,JI =T2-·Tl 
1 CONTINUE 
RETURN 
fNO 
C SWRAO 
C SUB~OUTINE SwRAD FOR CETERMING T~E SHORT WAVE RAO B~LANCE LLNSlillN~ 
C Of DIRECT AND DiffUSE R~CIATICN CC~FO~ENTS. 
c 
SUBROUTINE S~RAO(X,GRBL,OMHRS,TE~PMl,CA~SMLJ 
.I 
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COMMCN ALT(4U,!i0) ,ASPC40,80t,SLOPC40t80),PROfC(4,),80),Pl~Nct .. 0,80l 
l,wSN0~(4d,!iO),~FIR~(40,80l,~ICECit0,801 
C OIMENSICN A·~D PROVIDE DATA FOR 1HE FOLLO~ING: 
C GRBL Q VARIABLE FOR CCMPUTED S • ._.RAC BALANCE 
C DEC8,DEC24 CONTAINING ThE OECLINATIC~ ANGLES CDEGR~ESl (+VE ~~E~ 
C SUN IS N OF EQUATOR -VE ~HEN S) FCR THE 8TH AND 24Trl OF EACH ~JNTH. 
C THE RAL 1.1L l:iEING CONSICEC FOR THESE TWO DAYS IN E\/Eih' MONT~ IN 
C O~DER TO REDUCE THf ~LMI:iER OF CO~PLTATlCNS. 
C OURSO,O~FS24 -CONTAINING THE OURATICN OF SUNLIGHT Cl~ MlN~TESJ J\/~R 
C wHICH T~E BALANCE Wlll 8E CO~P~TEO. 
C TRS8,TRS24 ·CONTAINI~G T~E MEAN AZI~UTH-PATH TRANSMliSI\111~ Of The 
C ATMOSPhERE FOR THE 1ST AND 15Th Of EACH MONTH. 
C CLOUD·- MEAN MONTHLY CLOlJClNESS CIN TENTtiS) 
C TEMP- MEAN MONTHLY TE~P 
c 
c 
DIMENSION GR BL C 40, 80 I, TEMP C ._C, 80 ),OUR SC 12a ,OUR 24 ( 12 t ,O.A Y S Cllj e!J 
1EC8tl2»,0EC24(1lj,ClOLVC12t,TRSa(l2teTRS2~lllt 
OIMENSIO~ 0MHR$(40,BOI,TEMPMlC40,80l,CAYSMl(~0,6JI 
OAT A DEC dl- 22. 3 4,- 15. 2 3,-5.1 c;, 6. CJO ,16. 81 t2 2. 11,2 2. 57 el t. 36 tO• Of.J 1 ·!i 
1.59,· 16.34,·--2..!.63/ 
DATA OEC24/-19.36,-S.7~,1.11,12.59,20.62,23.~3,20a03,11.37,-J.l••· 
11.48,-20.21,-23.42/ 
DATA OUR8~264.0,460.0,652.0,863.0tl073.0tl282.0el26l.Oe1046.Je.lt 
1.0.~34.0,424.0,245.0/ ·. 
DATA DUR24/359.0,570.C,76l.Ot91~.0,1186.Q,l319.0,1153.t,~3l.J,1Zl. 
10,526.0,319.0,216.0/ 
Dt. T A T R S d I () • 93 6 t 0. c; 00 , 0. 86 9 , 0. 8 37, 0. 813 , 0 • 19 d , 0 • 11 It, O. 19 ~3. 0 • .:U l. t 4) • 
1831,0.868,0.935/ 
OAT~ TRS24/0.918,0.882,0.852,0.823,0.804,0.795,0.795,0.6t4,G.blltJ 
1.&47,o.a9u,o.994/ 
DATA CLOUD/0.86,0.66,C.85,0.B0,0.11,0.69,0.74,0.7J,J.8~,~.8de0e8~t 
10.89/ 
C X DENOTES THE MJNTH 
NN=X 
C XK IS THE EMPRICAL COEff USED AS TtiE CLOUD CORRECTiil'4 fOR Gl0841.. 
C RADIATION (VARIES all~ LATITLOEI 
XK =0 .45 
XI<= ( 1. 0--· XK) *CLOUD (t\f'd 
C START COMPUTATION FOR GLCBAl SCLAR ~AOIATICN (USING iU8Ru~TlNE ;l~Rt 
C TO CALCULATE THE BALANCE Cf DIRECT -NO DlfFLSE SOLA~ R~D. lGNOK~ 
C POINTS ~OT NEEDED FOR ENE~G~ BALANCE CIE THOSE WITH fEMPHl LT ~.~~. 
C FPST CONSIDER THE ~ACIATIO~ BALANCE ON THE 8TH 04Y Jf EACH "O~fH. 
DO l I= l, 40 
DO 1 J=l,80 
GfC BL ( l , J) .:-~ 1. 0 
IF(TfMPMLli,J).LE.O.O) GO TC 1 
C CHOOSE ALBEDO VALUE ACCOPOtNG TC SU~FACE MAT. AIJJUST FJR Cl0U01.f.i$. 
C If NO SNO~/FIRN/ICE AT PCINT OC~T C~R~~ CUT E~ERGV COMPUTATIONS 
AL=0.50+0.l*CLOUDCNN) 
R=O. 10 
IF(wSNO~(I,JI.GT.C.CJ) GO TC 2 
AL=0.40+0.l*CLOUO(NN) 
R=0.0917 
IFCwFIRN(!,Jj.GT.O.OJ GO TC 2 
Al=0.30+0.l*CLOU04~~) 
R=0.0857 
If Od C E C I , J) • G T .0 .. 0 t G C T 0 2 
GO TO 1 
2 CONTINUE 
C MEAN LATITUDE uf AREA IS b5.9t 
XLA T =t 5. 96 
Ha Al T C 1, J) 
AZ•ASPCI,J) 
GR = S l 0 P ( I , J ) 
OEC=CECUNNI 
OUR.,. OUR l( NN) 
TRS=TRSUNNB 
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C IF MELT PERIOD IS SHORTER THAN THAT FOR OAVLIGHT, CO~PUTE ~ADIAflJN 
·C BALANCE ONLY FOR HELT PERIOD GI\IEN BY OMHRSCI,J). 
c 
OMHP•OMHRS(I,J)toO.O 
tF(OuR.GT.OMHRl DURaC~HR 
CAll GLSR( I,J,XlAT,OEC,TRS,H,AZtGR,DUR,GL,AleRtXKa 
C Gl IS THE TJTAL Gl08AL PAOIATIC~ ABSORBED BY THE SURFACE (AfTE~ 8EI~~ 
C CORRECTED FOR CLOUD, Al8FCO A~O AlTITUDEt 
C SU~ Gl FOR THE 1ST HAlf Of THE ~ONT~ CNO. Of MELT DAYS I 2) TO F1~0 
C TOTAl GL06AL'RAD FOR THE FIRST PART Of THE MONTH. 
GR8L( I,JI=GL*COAVS~LCI;JII2.0t 
C NOW DO THE SAME COMPUTATICNS TO fiNO GLOBAL RAD fOR TH~ REST Of l,..e 
C MONTH USING VALUE OBTAI~EO FOR THE 24TH OF EACH MONTH 
OEC=OEC15(11tNt 
0 UR = CUR 1 S ( N N t 
TR S = T R S 1 5 I NN J 
OMHR=OMHRSCI,J••eo.Q 
IFCDUR.GT.OMHR) UuR=OI'H< 
CAll Gl S R C I , J , XL AT, 0 E C , T R S , H tAl , GR , 0 UR t GL tAL t R t X K) 
c 
C SUM THE TOTAL ~LOBAL RO BL BOTH FOR THE 1ST AND 2NO PART Gf HO~fH. 
c 
c 
GRBL C I,J)=GRBL( t,Jt+CDAYSMLCI,JII2.0t•GL 
1 CONTINUE 
RETURN 
END 
C Gl SR 
C SUBROUTINE GLSR IS USED TC CAlCLLATE DAILY (USING JNCREME~TS OF b~ 
C MINUTES) GLOB~l RADIATIO~ COIRECT •CiffUSE) ABSORBED BY ThE Gl~~14L 
C MATERIAl ON A SLOPE OF GiwEN ASfECT A~O GRAO[ENT. 
c 
SUB~OUTINE ~LSR(I,J,F,fO,G,H,AtBtOUR,TQ,AL,R,XKI 
C SUBSCRIPT F=L4T,FO=OEC,G=TRS,A=ASP,e=SLOP,OUA~OURSUN,Q~Ol~fCT,i~•alFF 
TQ=O.O 
C CCNVE~T DEGREES TO RAOIA~S. FOR CALCLLATICN 
f =F *1 7 4 5. 3 E- 5 
FO =F 0 •1 7 4 5. 3 Eu· 5 
A= A *174 5. 3 E- 5 
B=B*l745 .3E~ 5 
C ESTABLISH SINES 
SF=SIN(F) 
SfO=SINIFOt 
C ESTABLISH COSINES 
~ Cf=CCS(fl 
C f 0 = C 0 S ( fO ) 
C SELECTICN Of SOLAR CC~STANT (SOlt 
lf(f0.GT.0.4ll)G0 lC 1 
lfCFC.LE.0.4ll)SOL=l.~4 
lf(fC.LT.0.34l)SOL=l.~7 
IFCFO.LT.0.205)SOL=l.~~ 
lf(f0.LT.O.Oo8)$0L•2.02 
lf(fO.LT.-O.Oo8)SCl=2.04 
IfCfO.LT.-0.205~SGl=2.06 
lfCFO.LT.-0.34laSOL•2.07 
lf(fC.LT.-0.411.GO TO 1 
C INITIATE VALUES Q·o·.o 
) SQ•O.O 
X=-CCS(Al*SlN(B) 
Y • S I t-4 C tU *S INC A) 
z:;:CQ S (B) 
Tl=tx•SF+l*Cfi*CfO 
T2=C·· X•Cf+Z•SF)•SFO 
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C SET HOUP ANGLE TO SUNRISE I.E. CURS X0.25(CONVER.SION TO HOUfl A~.-Li:l· 
C OIVEOEO BV 2 ~NO CONVEPTEO TO ~AOIANS. HOUR ANGLE lS -vE StfOPE SJ~Aa 
C NOON ANC +VC AfTER NOC~ 
w:-OlJR*0.0021812 
C INCREMENT HDUR ANGLE BY 60 MINUTES 
2 •=wf-2611~.aE~5 
C DETERMINE COSINE OF SLNS ZEN Ill-! ANGLE Af\0 TEST WHETHER SUN IS AliJW= 
C HORIZON 
QD=CFC•CF•CCSCW)+SfCtSf 
JfCQD.LE.O.O) GO TC 3 
t OfTERMINE COSINE Of ANGLE BETWEEN T~E SOLAR SEA~ ANO TH~ ~O~MAL T~ 
t Tt·E SLOPE 
Q2=-v•SINC~l*CfO+TltCCS(W) 
QT=Q2+T2 
C CrECK TrAT SLOPE IS NOT I~ SH~OOW 
C lf(QT.LE.O.Ol GO TC 3 
c ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
CO SUBROUTINE SHADE .lOPllONALI 
CO CHECK THAT POlNT(l,J) IS ~OT IN SHACOW OUE TO SURROlUDlNG TOPOiitlAPHW 
CO FIRST DETERMINE SUNS lENilH ANGlE (SAlTI NOTE: QO GI~ES COStSALf) 
CO lf(QC.GT.L.Ol QO=l.O 
CO SALT=ARCOS(QO) 
CO NOW OF.TE~MINE SUNS Ali~UlH ANGlE (S~llt 
CO Al= l Sf*C\JS (SAL f l- SfC) /tCF*S I~( SAl TH 
CO tftAl.GT.l.Ol Al:l.O 
CO SAll=ARCOSlAll 
CO lftw.LT.O.()l SAZJ=-SAZI 
CO CAlL SHAOECI,J,SALT,SAZJ,KAPl 
CO IF KAP IS RETURNED AS 1, POINT&I,JI IS IN SHAOO~ -SO SKIP tOMP~fAflJ~ 
tO Of OIRECT S.w. RADIAliUN 
CO IFCKAP.EQ.l) GO TO 4 
CO GO TC 5 
CO 4 CQ=O.O 
,LJ-·. 
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c ···································~··························· .. •••• C DETERMINE OPTICAL AI~ MASS(Qli,SECANT APPROXlMATIONtJ TO 70 OEG~e$6 
5 Ql=ABS(l.O/(QO•l.OE-l~t) 
lft~l.LT.2.9) GO TC 6 
C OETERMINF OPTICAL AIR MASS FOR 70 TO 90 OEGREES.tSMITHSONlAN T~~L~$1• 
lFlQl.GE.ll4.6) QQ~30.QO 
IFC~l.LT.ll4.6) QQ=26.~6 
IFCQl.LT.38.20) ~~=19.79 
IF(Ql.LT.22.~3t QQ=l5.~6 
tFCQl.LT.lo.38t ~~=12.~4 
IF(Ql.LT.l2.74t Q'=10.39 
IfCQl.LT.l0.43) QQ= B.~O 
IFCQl.LT. 6.841 QQ= 1.11 
IF ( Ql.L T. 1.66 I QQ = 6.88 
lfCQl.LT. 6.76) QQ= 6.18 
lf(Ql.LT. 6.06) QQ= 5.t0 
IfCQl.LT. 5.~91 QCa 5.12 
IFCQl.LT. 5.02j QQ .. 4.12 
lf4Ql.LT. 4.62t QQ• 4.27 
IFCQl.LT. 4.2d) QQ~ 4.07 
lf(Ql.LT. 3.99) QC=3.82 
IFCQl.LT. 3.74t QQ=3.5~ 
lFlQl.LT. 3.521 QQ=3.3~ 
IFCQl.LT~ 3.331 QQ=3.21 
If(Ql.LT. 3.15» ~Q=3.05 
IFCQl.LT. 2.99j QC=2.SO 
Ql=Q' 
CO lfCKAP.E~.lt GO TO 1 
c 
C DETERMINE SIXTV MINUTE VALUE CF DIRECT RAO CQI 
6 CQ=60.0*SOL*CG**OlltQT 
IF(CQ.LT.O.Ol CQ=O.O 
C DETERMINE SIXTY MINUTE VALUE OF DiffUSE RAD CSQ~ 
1 SQ=60.0*0.5*COSCB/2.0I•COSCBI2.0J•SOL•OO*C0.9l-G**Ql. 
C SUM Q AND S~ fOR SIXTY MINUTE VALUE Of GLOBAL RAOlAllON (QQj 
QQ=CC+SQ 
C INCREASE OF SOLAR RAOIATICN ~~T~ ALTITUDE 
QQ=QQ+( l.OE---4*QQ*H » 
C CORRECT ThiS CLEAR SKY GLOBAL RADIATION fOR CLOUOlNESS 
QQ=QQ+C l.G-XKI 
C CORRECT FOR ALBEDO lOElER~INED AT HOURLY INTERVALS UilNG RElATlJN 
C DEVELOPED WITH SUNS ALTITUOEI TO FI~O ACTUAL RAOIATIJN A8SOF6E~ IW 
C SURfACE. 
C FlRST FIND SOLAR ALTllLOE (IN OEG.t 
ZA=ARCOS&QD)•57.295B 
lA=9Cl.<l-·lA 
C NOw fiNO ALtiEDO 
C=- ALOG H<l/30. 0 
ALB= ( l l·~AL) *EXP (·- C *ZA) j+Al 
C NO~ fiNO ASSOfiBED GLCeAl. I<ACIATIGf\ 
Q~=QO* C l.o-ALB a 
C ADO TO TOTAl 
TQcTQ+Ci.l 
~ CONT l NUE 
C STOP COMPUTATIO~ IF SLNSEl ~EAC~ED 
cl 
lf(w.LT.DUR*0.0021812) GO TC 2 
RETURN 
C ~RITE OUT ERROR ~ESSAfE If DECLINATION [~CORRECT 
l ..,RITEC6,100) 
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100 FORMAT(53HOSELECTICN SKIPPED BECAUSE Of UNALLOWABLE OECllNAflQ~~ 
RETURN 
c 
c 
END 
C St-ADE 
C SHADE ROUTINE COPTIONAll 
C SUBROUTINE TO CHECK If PCJNTC~,Jl ~Ill BE IN SHAOO~ JUE TL 
C SURROUNDING TOPOGRAPH,. 
C IF PAPAMETEk KAP IS RETURNED WITH A \IALUE Of 1 , POI.~T IS lh SHAQQW. 
C SEARCH MAOE 4LONG THE li~E OF SLNS AZIMUTH FOR AN ElEVATlGN G~c~f 
·C ENOUGH TO OBSCURE THE SUN. FLE\IATIOI\S OBTAINED ~y INTEilPOlAll01 .. Qf 
C GRID POINT ELEVATIONS ~T THE INTERSECTIONS Of THE SU~S AZIMUTH ~!lH 
C THE GRIO LINES. 
C SCREENING BY HORIZON ChEC~EO FOR A DISTANCE Of l KM 
c 
SUBROUTINE SHADECII,JJ,SALT,SAli,KAPI 
LOGICAL Kl1,Kl2 
COMMON ALT (40,80~ eASPCit0,801 ,SLOPC'tOeBOl,PROFCI't,),80),PlANCl--.fff40l 
Kll:~.fALSE • 
Kl2=.FALSE. 
H=lOO.O 
KAP=O 
SAlT= 1 • 5 70 5- SA L T 
00 1 K:t,lO 
IF ( K lll GO T 0 2 
C=K 
IC= I I+K 
IF C A B S C SAl U • G T .1 • 5 10 5 ) I C :a 1 I·· K 
IFCIC.LE.l.OR.IC.GE.40' GO TC 1 
A:aC*TAN( SAlta 
IFCSAZI.GE.l.57079t3) A•ABSCA) 
IFCSAZI.LT.-1.5707~63) A-A 
IFCSAZI.GE.o.oa B=A+l.O 
IFCSAZI.LT.O.O) B•A···l.O 
JA=A 
JB=A 
IFCtJJtJA).GE.aO.OR.(JJ+J81.GE.60l GO TO 3 
IfCCJJtJA).lE.l.OR.CJJ+JB).LE.l) GO TO 3 
IF((JJ-JA).LE.l.OR.CJJ-JB).LE.ll GC TC 3 
lf((JJ-JAl.GE.80.0R.CJJ-J8).GE.eOt GO TO 3 
If ( JA .L E .1 0 .AND .J A. GE .~DtO .ANC .JB alE elO.AND.Jd.GE .-10 I GO TO It 
"3 Kll=.TRUE. 
GO TO 2 
C EI ELEVATION AT INTERSECTION OF SUNS AZIMUTH ~ITH 1 1 TH HU~IlONT~L 
C LINE . 
4 El:a{A-JA)*ALTCIC,JJ-JBI+(JB-Al*AlTCIC,JJ-JAt 
ElaABSCEJ) 
C DISTANCE FROM POINTCIJ,JJ' TO PCINT AT INTERSECTION JF 1 ~XIS 
IFCCOS(SAli).EQ.O.O) GC TO 5 
GO TC 6 
5 DISTl=O.O 
GC TC -1 
6 DISTI=ABS(C/COSCSAli)t•H 
C If El > SUNS AL TITUOE POI~TU t,JJ) IS IN SHADOW 
1 lftEI-·AL H II,JJ).Gl .. OISTI*TAr.tSAlTll GO TO 8 
2 IFIKL2t GU TO 1 
F=K 
JF=JJ-"K 
IFCSAZI .. LT .. O.Ot JF=JJ+~ 
lf(Jf.LE .. l .. OR .. JF .. GE .. BOa GO TC 1 
lflTA~(SAli).,EQ .. O .. Ot GC TO 9 
GO TO 10 
9 0=0 .. 0 
GO TO 11 
10 0 = f I T A N ( SA Z I t 
11 tF(SAZl.LT .. O.O.AND .. SAZI .. GE .. -1 .. 5107~631 O•A8Sl0) 
IFCSAZl .. lT.-1.5707963) 0•-0 
IF(AHSISAZl).LT.l.5105t E=O+l.O 
lflABSCSAltt.GE.l.5705) Ea~l.O 
10=0 
IE=E 
lf((lt+IOt.GE.40.0R.Cli+IEt.GE.401 GO TO 12 
lfl(lJ+!O).LE.l.OR.CII+lf).lE.l) GO TO 12 
IF (( I I- I o· t .. L E .. 1 • 0 R • U 1- I E I .L E. 1 • G 0 T C 12 
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If(( I I-IO).GE.40.0R.C 11-IEI.GE.ItOI GO l(J 12 
lfltD.LE.lO.ANO.IO.GE.-lO.ANC.IE.LE.lO.ANO.IE.GE.·•101 (;0 TOll 
12 KLZ=.TftUE. 
GO TO 1 
C EJ ELEVATION AT INTERSECTION Of SU~S AZIMUTH WITH J 1 TH ~E~TlCA~ Ll~e 
1 3 E J • (()- I 0 • * Al H I 1 + I E , J f h l I E- C J • A l T Cl I + I 0, J F t 
EJ=A8SlEJ) 
C DISTANCE fROM POINTCII,JJJ TO POINT AT INTERSECTION Jf J AXIS 
lfCSlNtSAlll.EQ.O.O) GC TO 14 
GO TO 15 
lit OISTJ•O.O 
GO TC 16 
15 OlSTJ=ABSlf/SINCSAlltJ•H 
C If EJ > SUNS AL TlTUDEt POINT (I I,JJ) IS IN SHAOQ~j 
16 IfCFJ-ALH ll,JJ).Gl.OISTJ•TA~&SAlTU GO TO 8 
c 
c 
1 CONTINUE 
RETURN 
8 KAP= 1 
RETURN 
END 
C LWRAO 
t SUB~OUTINE fOR LONGwA~E R~OIATICN BALA~CE 
C (CORRECTED FOR SLOPE A~[ CLOUC) 
c 
SUBROUTINE L~RAO(X,XL~~.OMHRS,lE~PML,OAYSMLt 
CO~MCN Al T ( 40, 60~ t ASP (40, 60) t SLOP CltO, 80 J ,PROFC (4'-', 84.U, PL.t.NClitO f 84U 
ltWSN0~(40,dOa,~FIRNC40t80a,wlCE(40,80) 
DIMENSION XLwRC40,fO,,ClCUC,l2t 
DIMENSION 0MHRS(~Or80a,TEMPMLt~0,80),0AVSML(~0,60l 
c) 
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DATA CLOUD/O.U6,0.86,0.85,0.S0,0.7l,0.69t0e7~,0.1dt0•SO,Oe8d•0•8&o 
10.89/ 
C TEMP OF SNOw CTSI TAKEN AS 0.0 AT All TIMES (273 OEG KElVIN) 
T$=273.0 
NN=X 
C STEf-AN BOLTlMAN CO~STANT IS 4.92E-·9 LV/11~/KE-4 
SBCON=4. 92E- 9 
C EMPIRICAL CLOUD PARAMETER DETERMINING EFFECTIVE NET LW RAO UNOE~ 
C CLOUDY CONDITIONS TAKE~ AS 1.40 CVA~lES •tTH CLOUO.TtPE A~O ~El~WTa 
CLK=l.40 . 
C COMPUTE OAIL\' L.t RAO BAL~NCE ,REME~BERING TO CON\IERT TEHP VAlUES ,,._JI) 
C DEGREES KELVIN 
00 1 I= 1, 40 
00 1 J=l,80 
XLkR Cl 1 J l •··1.0 
lfCTEMPMLCI,JJ.LE.O.O) GO TO 1 
C DEFINE E~ISSIVITY VAL~E 
C IF NO SNOw/flRN/ICE AT PCINT OONT CARP~ GUT ENERGV C·JMPUTAllON~ 
EMIS=l.O 
IFCkSNO•CI,JJ.GT.O.O) ~0 TO ~ 
lf(~FIRNCI,Ja.GT.O.O) GO TC ~ 
Jf(WICECI,J).GT.O.O) GC TO 2 
GO TG 1 . 
2 CONT IN~E 
XX=E.,IS*SBCON 
Y Y = X X* C 1. 0 ''" C L K * C l 0 U C ( " ~ ) *C l 0 U 0 C N N ) a 
T• TE .. P ML ( I , J H· 2 13. Cl 
C REMEMBER TO CONVERT SlOPE ANGLE TC ~AOIANS 
G = ( S l C P ( I , J ) *1 74 5 • 3 E· 5 ) I 2 • 0 
XL•RCI,Jt=~Y*(9.35E-6*T**6*CGSCGt••~·T••4t+(~•xx•r••3*CT~TSI. 
C MULTIPlY XL~R BY NO. OF HOURS PER OA~ TE~P EXPECTED TO BE> O.u DeG. 
XLL<JR (J ,J)=XLWR( I,Jt•DIWt-RSC (,Jt 
C MULTIPL~ XlnR BY NO. Cf ~ELT DAYS l~ MONTH TO fiNO MJNtHL~ L.~. l40 
C BALANCE. 
c 
c 
XlwRCI,J,=XlkR(I,J)*OA~SML(I,Jl 
1 CONTINUE 
RETURN 
END 
C T8t-EA T 
C SUBROUTINE TBHEAT TO DETERMINE THE ~ET ENERGY EXCHAN~E AT SNO~/ltf 
C SURfACE DUE TO THE PROCESSES OF SENSIBLE HEAT ISBHTJ AND lAlfNT HeAr 
C ( TL HT) E liCHANGE. 
c 
SUBROUTINE TBHEATCX,ki~O,OMHRS,TEMPML,OAVSHL,SBHT,TLHT) 
COMMON ALTC40,80I,ASP(40,80),SLOPC40,80),PROFC&4~,8Q),plANC(~Gt&ul 
l,wSNG~C40,dOl,kFIRNC40,8CI,~ICE(~O,ti0) 
0 I MENS I ON WI NO C 4(l, eo), PERC" C 12), RlHUM C 12), BASE H 12), PRES ( 121 
DIMENSION DMHRS(4C,SOJ,TEHP~L(40e80t,CAVSML(40,80t 
DIMENSION SBHTC40,SOt,lLHTC40,SO) 
C PERCW IS THE ~ OF TIME FCR WHICt- THERE IS NO WINO (C4LM) 
DATA PERCk/0.13,0.14,C.l7,0.17,0.15,0.15,0.18,0.19,0.17 1 0.16tD•llt 
10.13/ 
C RLHUM IS THE MONTHLY MEAN RELATIVE ~UHIDJT~ AT THE SASE STATION 
399 
DATA ~LHUM/7a.o,78.0,7b.0,79.0,7~.o.ao.o,az.o,a3.J,ao.o,su.~.79.a, 
17tj.O/ 
C PRES IS THE M0NTHLY MEAN AT~OSPhERIC PRESSURE AT THE BASE STATlJN 
DATA PRES/1000.4,1005.1 9 1008.0,1009.9,1015.4,l012.2 1 l009e9t1~~~.1t 
ll006.l,tno3.5,l002.s,~s9.9/ · 
DATA BASE T 1- 1. 5 ,- 1. 6 ,- O. 5, 0. E:, 5. It, B • 5 tl O. 5, 9. 3, 1. J, l. 9 ,1. a , .. il.l./ 
C X DENOTES THE MONTH 
NN=X 
BT=BASETtNN) 
C SPEClflC HEAT OF DRY AIR AT CONSTANT PRESSURE tSH) C~L/GMIOEG 
SH=0.2't 
C VCN KARMAN$ CONSTANT C~Kl 
VK=O.'t 
C EST I MAT I ON OF HEIGHT AT !At! lCH MEASUREMENTS OF TEMP AiiO '-'l t-40 *"file tl41lE 
C l(2tCM 
~ Z2=2oo.o 
C TEMPERATURE OF SURFACE (TO) TAKEN AS 273.0 OEG K. 
T0=273.0 
C FIRST DETERMINE THOSE POI~TS FOR WHICH T~E MEAN MONT~lY TEHfHL l$ 
C >O.O, IG~ORlNG THE RESTt-1.0) 
C T~EN TBHEAT CAN BE DETER~lNEO AT EACH POINT FROM THE PRf~AlLlN~ 
C TEMP AND ~INO CONDITIONS. 
C REMEMBER TO .CONVERT TE~P(I,J) f~OM CEG C. TO Of~ K. ~NO ~lNO&ItJl 
C FROM MIS TO CM/HR. 
C ALSO FIND MEAN PRESSURE AND OENSIT~ OF AIR AT EACH PJlNT 
DO 1 l ~ 1, 40 
DO 1 J.:l,HO 
SBHTtl,JJ=·-1.0 
TLHT(I,JJ=O.lJ 
lftTEMP~Lll,JJ.LE.O.O) GC TC 1 
C C~OOSE SURFACE ROUGHNESS fACTOR CZOt ACCO~DING TO Su~fACE MATERiA~ 
C lf NO SNOW/fiRN/ICE AT POINT OO~T CARR~ OUT ENERG~ ClMPUTATlON~ 
lO=O .4 
lf(WSNOW(I,Jl.Gl.O.O) GO TC ~ 
Z0-=0. 25 
lFC~fiRNCI,Jl.GT.O.Ol GO TO 2 
lO=O.l 
lf(~ICECl,Jl.GT.O.Oa GC TO 2 
GO TC 1 
2 CONTl~lJE 
C CALCULATE PRE SSUP E ( PR) 
PRzPRESl~NI*tl.D-(0.0065•ALT(I,JJI/288.0t••5.l56 
C TEMP IN OEG. KELVIN 
TK=TEMPML(l,J)+273.0 
C SATURATION VAPOUR Pf<ESSURE (S·VPJ MB 
SVP=t.ll*l0.0**((7.5*611/lBT+231.3)) 
C CALCUlATION Of ACTUAl vAPOUR PRESSURE CVPt MB 
VPzC~lHUMCNNl*SVP)/100.0 
C IJ/J~ lAT ION OF VP ~I TH Al T I lUOE 
VPZ=vP•to.o••c-O.l~B7•lAlTCt,Jt/1000.0)) 
C CALCUlATtCN OF VIRTUAL Tf~PCVTJ 
V T z T E M P M U I , J a/ ( 1 • 0· · 0 • ! 7 <J • ( ~ flZ/ P ~ ) t 
C AIR DENSITY lAO) GM/CM ~ 
A0=3.4dlHE-4~tPR/(vTt273.0)) 
C CON~EPSIO~ Of hiND SPEED 10 C~/~R 
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c 
C CALCULATION OF EDDY Oiff\JSIVIT'f Ct) FOR TRANSFER Of SENSlSlE A.U 
C LATENT t-fAT. 
0=(VK**2*WNS)/(ALCflZ~/ZO)J*~2 
C COR~ECTION Of 0 FOR STABILITY C[() 
C FIRST CO~PUTE ~ICHAROSC~ ~U~BER (Rll 
C ACC. DUE TO GRAVITY=l.271ElC C~/H~ ~ 
c 
RI=C l.271ElO*Z2*tTK~TOI)/(T~•~NSf*2t 
DC=O/(l.O+lO.O•Ria 
C CCMPUTATICN OF SE~SIBLE ~EAT TRANSFER TO SNOW/ICE SuRFACE (lY/~~i 
SBHT(l,J)=AD*SH*DC*1E~f~l(I,J) 
c 
C COMPUTATION Of LATENT ~EAT EXCHANGE (+VE IF DIRECTED TOWA~DS SJ~f4CE 
C CCONOENSATIJNH -VE If OIRECTEO AWAY FROfol SURFACE (EI/APORAllON~i 
C DEPENDING ON THE VALUE Of VA.PCU fl PRESSURE ABO \IE THE iNOW/ICE SUI\f4CE. 
C LATENT hEAT OF VAPO~IZATJCN=5q7.3 CAl/GM 
C VAPOUR PPESSURE OF MELl~~G SNOW/ICE SURFACE T·K~N AS 6.11 ~b 
TLHT(I,Jl=5q7.3*AD*OC*CO.o22/PR,*l~PZ-6.llt 
c 
C NOW OET ERMINE T t-IE OA Il Y PHdOO CV ER Wr JCt; TO SUM SBrH AND TLHT 
C EXCHANGE. TliiS ~Ill BE ll~ITFC ev NC. Cf HRS FCR •HICH AI~ TEMP 
C IS> 0.0 (GIVEN BV TEMPMll AND e~ lHE TI~E FOR WHICH THE~E IS ~lN~ 
C BLOWING (GIVEN BY PE~Ckl , ~HIC~E~ER IS THE SHORTER. 
TT=Cl.~PERCwCNN)~•24.0 
If( TT.L T.O~HRS( I,J) t tfi'HI<S( I ,Jl=TT 
SBHTII,Jl=SBHTtl,Jt*D~r~S(I,J~ 
TLHTti,J)=TLHT(!,J)•O~hPSCI,Jj 
C NO~ FINO THE MONTHLY EXChANGE OF TU~BULE~T HEAT FLUX~S B~ ~UlTP~~lN~ 
C Tt-E DAILY TOTALS BV TrE NC. OF CAYS IN T~E MONTH MEA~ TEMP IS 
C EXPECTED TO BE> 0.0 (C~~SML). 
c 
c 
SSHTtl,JI=SBHT(l,Ja•oA'S~l(I,J) 
Tl HT li , J) =T L liT C I, J) •D A 'W SML (I , J t 
1 CONTit\UE 
RETURN 
END 
C FLOw 
C SUBROUTINE FLUw 
C THIS IS CALLED WHEN TliE ICE ThiCKNESS THJC(t,J) AT A~V POI~T bE;O~ES 
C GREATER THAN 2*CRITIC.Al ICE Tt-ICKNESS CCRIT(I,J)~ NECESSAf." FO!t fl.Oid 
C TC COMMENCE. 
C CGNSIOEPING THE POINT FRG~ ~HlCii ICE IS TO FLOW (IJ,JJ), TH~ ~JJTlN2 
C FIRST FINDS OUT THE CIRECTION CF FLCW &GIVEN BY THE 4SPECT Lf ~~X. 
C SLOPE A.T {!l,JJ). 
C HALF THE TOTAL ~.E. Of ICE,FIRN AND SNOW AT lli,JJ) IS THE~ 
C T~ANSFEPRED TO THE ACJACE~T PCI~T I~ THE Ol~ECTION OF flO. CI8,J8). 
C T~E w.E. , DENSITY ANO ICE THIC~NfSS AT CtB,JB) ARE RECALCULATcJ 
C TAKING INTO ACCOUNT ThE AMOUNT Of ACCUMULATION TRANSFERRED AND CHAT 
C ilf ANY) ALPEAOV ACCU~Ll.lEO T~ERE. 
C IF THE ICE THICKNESS A~ POINT ( IB,JB IS IN TURN fOU~J TO EXtfEJ 
C z•CRIT tiB,JB) THEN HAlf THE TOTAL ~.E. IS TRANSFERR2D TO THE ~a•T 
, C POINT IN THE flOW Olf<ECT ICN AT US,JB). THIS PRJCESS IS CONTINJ~O 
• 
401 
C. UNTIL TtiE ICE THlCKt-.ESS AT THE GRIC SQUAFIE ~ECEIVlNG ACCLJ •. ULATlJN 
C. OOES NOT EXCEED 2*CRIT. 
c 
c 
SUB~OUTI~E FLOWtii,JJ,CRIT,T~IC,CSNC~,OFIRN,OlCE• 
COMMON ALT(40,80a,ASP(40,80t,SlOPC40,80a,PROFC(~0,80I,PLA~C(•0•80l 
l,~SN0k(40,80),WFIR~l40,80I,WlCEC40,80t 
DIMENSION CRITC40,SOl,lHICt40,80a 
DIMENSION DSNOWC40,~0),0fiRN(40ttiO),OICE(40,~0) 
CJ JB:tJ 
JB:;JJ 
C DIRECTION Of flOw 
C EACH ASPECT IS CONSIOEREC IN TURN I~ THE FOLLOWING O~OER 
C NE,E,SE,5,S.,W,N•,~• 
IF~ASP(I8,JBI.GE.22.5.ANO.ASPClB,JB).LT.67.51 GO TO 1 
IFCASPCiti,JB).GE.6l.5.~NO.~SP(IB,JBI.lT.ll2.51 Ga TO 2 
lflASPC IB,JBl.GE.ll2.5.ANO.ASPtiB,JBI.LT.l51.51 GJ TO 3 
IFtASPltB,JB).GE.l57.5.ANO.ASPCIB,JBa.LT.202.5) G3 TO 4 
lf(ASPlJB,JBI.GE.202.5.ANO.ASP(IB,JB).LT.247.5) ~J TO 5 
1FCASPCI8,JBI.GE.247.5.ANO.ASPCie,Jet.lT.292.51 GJ TO b 
IFlASP(I~,JBt.GE.2~2.5.ANO.ASPllB,JBI.lT.337.5) Ga TO 1 
lfCASPtld,JB).GE.337.5.ANO.ASPIIB,J6t.~T.360.0J GO TO 8 
IFCASPilB.J81.GE.O.O.A~O.ASPCI8,JBI.LT.22.51 GO TO 8 
1 18•18-1 
JB•JB+l 
GO TC l() 
2 18•18 
JB:aJB+l 
GO TO 10 
3 18=18+1 
JB=J B+ 1 
GO T C 10 
4 IB=IB+l 4 
JB=JB 
GO TO 10 
5 lB•IB+l 
JSaJB-1 
GO TC 10 
tJ lB=tB 
JB=JB-1 
GO TO 10 
1 18=18-l 
JB=JB-1 
GO TC 10 
e 16= I B-1 
JB==JB 
C CONDITION IF LIMIT Gf ~Rf~ REAC~ED 
10 t F t I B .L T • l • 0 R • I B • G T • 4 0 • 0 R • J 8 .. L T • 1. C R • J B • G T • 80 I G 0 T 0 11 
C TRANSFER OF w. E. 
OlCE{IB,Jb)•(OlCECIB,JB)•wtCE( IB,J8)t01CEtii,JJit(WlCEtlleJJtl2.~) 
li/(WlCE(lB,JB)•MICEtii,JJ)/2.0t 
wiCEtlB,JBl~:idCEt lB,JBh~IIIICECIJ,JJ)/2.0 
lf((WflRNtlB 1 JBI+WfiRNCII,JJtt.EQ.O.OJ GO TO 12 
GO TC 13 
12 OFIRNllB,JB)=O.O 
I, I 
·~ I . 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
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APPENDIX 8 CCONT.J 
l2~ LISTI~G OF P~OG~A~ Sl~lNPl 
SIMINPl 
PROGRAM TO READ IN INrTIAL INPUT \IAlUES OF MASS 8Al4.'iCE VAI\lATllN 
INTO SI~ULATION PROGRA~ GSPl. 
VALUES ~EAD INTO FILE ~ESO. ' 
l( •· THE CALENDAR MONTH FOR '-HlCt-i TliE MASS BALANCE VALUES ARE Pf\JW!QE() 
AT EACH GRID INTE~SECTION. • 
OSNOw, OFIRN, DICE - OENSlTY Of SN0.11t FIRN, ICE. 
WSNOW, '-fiRI-4, IIIIICE · .. ATEA EQUI\IALENT Of SNOW, fiRth ICE. 
TOEPTH, TwEQ - TOTAL DEPTH ANO .. ATER EQIIVALENT Of ACCUMULATlO~ 
DIMENSION DSNO .. C40,60J,OFIRNC40,f0),01CEC40,80J 
DIME~SION WSNOwC40,60),WFIRN(40,801,WICEC40ed0) 
DIMENSION TDEPTHC40,80l,TwE~t40,80l 
TO START SIMULATION IN SEPTEMBER CAT THE ENO Of THE 48LAT10"' SE4$01H 
X NEEDS TO BE 8.0 CSI~CE IN GSPl X•~+l.OJ 
•• q .o 
DO 1 1=1,40 
DO 1 J=l,80 
DSNUIIICI,J•=O.O 
DFIRN(l,Jl=O.O 
01 CE U ,J) =0.0 
IIISNOftCI,Jt•O.O 
WfiPN(J,JiaO.O 
WICECI,JJ=O.O 
TDEPTHU ,JI•O.O 
TWEQli,J•=o.o 
1 CONTINUE 
WRITE THESE INITIAL VALUES INTO INPUT FILE CURRl 
NRITE(2) X 
WRITEC2a ( tDSNOW( leJJ,Ilr:le40t,Jal,80) 
WRITEC2t C (DfiRNCI,JJ,I=l,401,Jal,80t 
WRITE(2J ((01CECieJI.I•l•40t,Jsl,80t 
WRITE(21 ((WSNOWCI,Ja,l=l,40t,J•le80) 
NR IT E ( 2 J ( C w fIR N C I, J), Ia 1, 40), J• 1, 80. 
wRITE C 2t C hHCEC I,J t, I•l ,4·0· eJ•l,80t 
WRITE(2t ( (TUEPTH(t,Jt,l~l,~Ca,J~t,BOI 
WRITE ( 2. C lT ~E Q ( I , J I, I ml, 40) , J • 1 , 80) 
STOP 
END 
1. 
2. 
3. 
4. 
5. 
6. 
7, 
8. 
9. 
i) 
APPENDIX C. 
(1) Sample Input Into:Terratn·Analysis Program (OMY8} 
Data header C20A4} 
Name of file containing altitude data 
Name of file for detailed results 
Name of file for calculated values 
Name of file for limits 
Grid size in metres (f6• 3) 
Scaling factor to convert altitude data to metres 
Number of columns in altitude matrix (I4} 
Format for altitude data 
----~---- . ------·------~----
l\TUPUR CN. w. JCELAND} 
ALTNUP 
-RESULTS 
TPGNUP 
-LIMITS 
100 0 
1·0 
!3.t.82 
(lX, 2()E4·0.} 
c'! 
~ 
0 
U1 
1. 
2. 
3. 
4. 
5. 
6. 
<;;) 0 
APPENDIX C (cont.) 
(2) Sample Input Requirements for Line Printer Mapping Program (OYSMl 
Data header (20A4) ~~UR (N.W. ICELAND) 
Subtitle (20A4) PROFILE CONVEXITY_ (DEGREES/100 METRES) 
Name of File TPGNUP 
Number of columns in matrix of data (I4) M80 
Format of data (2I4, 32X, Flf/J•2) 
Class boundaries for different densities (6F8·3) ~~-20M~~~-10~~~ ···········~~~ 20 
.p.. 
0 
0\ 
,... 
(2) Thvera Matrix 
(showing distribution of glacierised areas) 
(1) Nupur Matrix 
' I 
( 3.) Cent. tal Nupur Matrix 
" 
..... 
··--'/ 
